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PART  I.— WAVE  LENGTHS  LONGER  THAN  5500  A  IN 
THE  ARC  SPECTRA  OF  YTTRIUM,  LANTHANUM. 
AND  CERIUM 

By  C.  C.  Kiess 


ABSTRACT 

This  paper  contains  the  results  derived  from  a  study  of  the  yellow,  red,  and  infra- 
red regions  of  the  arc  spectra  of  yttrium  lanthanum,  and  cerium.  Spectrograms  were 
photographed  with  the  dyes  pinacyanol.  kryptocyanin,  and  dicyanin.  The  rare  earth 
compotmds  studied  were  derived  from  two  sources:  From  the  University  of  Illinois 
were  obtained  the  oxalates  of  yttrium  and  lanthanum  and  the  oxide  of  cerium,  pre- 
pared imder  the  direction  of  Prof.  B.  S.  Hopkins;  from  Eimer  and  Amend  were  obtained 
the  chlorides  of  yttrium  and  lanthanum  and  the  nitrate  of  cerium,  the  last  being  a 
Kahlbaum  preparation.  In  addition  to  spectrograms  of  the  above-named  materials 
secured  with  the  concave  grating  spectrograph  of  the  Btueau  of  Standards  there  were 
available  for  measurement  two  spectrograms  made  by  Dr.  Eder,  of  Vienna,  with  his 
grating  spectrograph.  These  spectrograms  were  of  yttrium  and  cerium  salts  prepared 
by  C.  Auer  von  Welsbach.  The  tables  submitted  herewith  contain  about  175  lines 
in  the  spectrum  of  yttrium,  410  in  the  spectrum  of  lanthanum,  and  about  1700  in  that 
of  cerium.  Many  of  the  wave  lengths  are  those  of  heads  of  bands  which  are  prominent 
in  the  spectra  of  yttrium  and  lanthanum.  Part  II  of  this  paper,  prepared  by  Prof. 
B.  S.  Hopkins  and  Dr.  H.  C.  Kremers  at  the  University  of  Illinois,  describes  the 
methods  used  in  purifying  the  samples  of  yttrium,  lanthanum,  and  cerium,  which 
were  used  in  this  work. 


I.  INTRODUCTION 

The  rare  earths  present  many  interesting  problems  not  only  to 
the  chemist,  but  to  the  spectroscopist  as  well.  Indeed,  the 
chemist,  in  separating  and  purifying  his  various  preparations  of 
the  compounds  of  the  rare  earth  metals,  avails  himself  to  a  great 
extent  of  spectroscopic  methods.  And  in  one  instance,  at  least, 
the  spectroscopist  has  indicated  the  presence  of  a  new  and  imsus- 
pected  element  which  had  escaped  detection  by  the  chemist.^ 

In  addition  to  its  work  of  measuring  standard  wave  lengths  in 
the  spectra  of  the  chemical  elements,  the  spectroscopy  laboratory 
at  the  Bureau  of  Standards  makes  frequent  spectroscopic  analyses 
of  various  metals,  salts,  alloys,  etc.,  to  ascertain  their  composition 
and  purity.  The  opportunity  which  arose  when  a  number  of 
samples  of  rare  earth  compounds  (prepared  at  the  University  of 
Illinois  by  Prof.  Hopkins  and  his  coworkers)  were  submitted  for 

1  Kaiser.  Akad.  der  Wiss.    SiU.  Wien.,  126,  Ila,  p.  473;  1917. 
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analysis  was  taken  advantage  of  to  study  the  yellow,  red,  and 
infra-red  regions  of  their  arc  spectra.  This  work  was  done  in 
continuation  of  a  program  which  was  begun  several  years  ago  and 
is  now  well  on  the  way  toward  completion.  This  program  has  as 
one  of  its  objects  the  mapping  of  the  red  and  infra-red  spectra  of 
the  chemical  elements  as  far  out  into  the  region  of  longer  wave 
lengths  as  modern  photographic  methods  will  permit.  To  date 
results  for  about  35  elements  have  been  published,^  and  work  on 
the  remainder  is  in  various  stages  of  progress.  This  paper  presents 
the  data  derived  from  a  study  of  the  arc  spectra  of  yttrium,  lan- 
thanum, and  cerium.  Wave  lengths  in  the  spectra  of  other  rare 
earth  elements  have  been  measured  and  will  be  published  as  soon 
as  the  work  of  compiling  the  tables  is  completed. 

n.  APPARATUS  AND  METHODS 

Most  of  the  spectograms  upon  which  the  present  study  is 
based  were  secured  with  the  concave  grating  spectograph  of  the 
Bureau  of  Standards.  This  instrument  has  been  described  in  a 
previous  publication.^  Four  gratings,  all  ruled  at  the  Johns 
Hopkins  University  and  of  640  cm  radius,  were  used  in  the  spec- 
trograph. The  third  order  of  a  grating  ruled  with  10  000  lines 
to  the  inch,  was  used  in  photographing  the  regions  of  the  spectra 
between  5500  A  and  5900  A.  The  dispersion  was  2.3  A  per  milli- 
meter. The  first  orders  of  two  20  000  lines-per-inch  gratings 
(dispersion  3.6  A  per  millimeter)  were  used  to  photograph  the 
spectral  regions  between  5500  A  and  8000  A.  For  the  region 
from  8000  A  to  10  000  A  the  first  order  of  the  7500  lines-per-inch 
grating,  regularly  in  use  in  this  laboratory,  was  employed.  A 
few  spectrograms  in  shorter  wave-length  regions  were  also  made 
in  the  third  and  fourth  orders  of  the  last-named  grating. 

The  materials  whose  spectra  were  studied  were  derived  from 
two  soiurces.  From  Eimer  and  Amend  were  obtained  the  chlo- 
rides of  yttrium  and  lanthanum  and  the  nitrate  of  cerium,  the 
last  named  being  a  Kahlbaum  preparation.  As  mentioned 
above,  several  preparations  of  rare  earths  were  received  for 
analysis  from  the  chemistry  department  of  the  University  of 
Illinois.  Among  these  were  the  oxalates  of  yttrimn  and  lan- 
thanum and  the  oxide  of  cerium.  A  statement  of  the  methods 
of  extracting  these  compounds  from  their  ores  and  purifying 

»  B.  S.  Bull.,  14,  pp.  371,  637.  76s,  1918;  B.  S.  Scientific  Papers,  15,  p.  351,  1919;  18,  p.  ji,  ijao.    Also 
Popular  Astronomy,  29,  p.  18;  1921. 
»  B.  S.  BuU.,  14,  p.  373;  1918. 
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them  has  been  prepared  by  Profs.  Hopkins  and  Kremers  and 
constitutes  the  second  part  of  this  paper. 

The  salts  were  vaporized  either  on  graphite  or  copper  elec- 
trodes, the  latter,  however,  being  used  for  the  greater  portion  of 
the  work.  Although  the  spectrum  of  copper  has  some  strong 
lines  in  the  regions  studied,  yet  it  is  believed  that  few  lines,  if 
any,  in  the  spectra  examined  have  been  omitted  because  of 
coincidence  with  copper  lines.  We  have  foimd  the  use  of  copper 
preferable  to  the  use  of  graphite  because  of  the  steadiness  with 
which  the  copper  arc  burns,  especially  when  a  bead  from  the 
upper  electrode  is  fused  with  the  metal  in  the  lower.  The  advan- 
tage of  this  feature  in  the  case  of  long  exposures  can  be  appre- 
ciated. Current  strengths  of  6  to  lo  amperes  were  used  under 
240  volts  pressure,  depending  on  the  spectral  region  being  photo- 
graphed. 

The  spectrograms  were  made  on  Seed  23  and  Seed  30  plates 
measuring  2>^  by  8  inches.  They  were  sensitized  to  the  yellow, 
red,  and  infra-red  regions  of  the  spectrum  with  pinacyanol,  kryp- 
tocyanin,*  and  dicyanin,  respectively.  Dyes  produced  in  this 
country  and  abroad  were  used  with  equal  success.  The  exposure 
times  ranged  from  2%  minutes  for  the  yellow  regions  to  5  hours 
for  the  infra-red.  The  arc  spectrum  of  iron  served  as  comparison 
spectrum,  and  its  wave  lengths  determined  by  interference 
methods  *  were  used  in  the  reductions.  The  iron  spectrum  was 
photographed  both  at  the  beginning  and  at  the  end  of  long 
exposures  in  order  to  eliminate  any  possible  temperature  shift. 
Inasmuch  as  the  grating  is  mounted  in  a  small  room  whose  tem- 
perature changes  are  gradual  through  long  periods  of  time,  corre- 
sponding to  seasonal  changes,  no  trouble  from  this  sotuce  was 
experienced.  A  potassium  bichromate  cell  or  a  screen  of  red  glass, 
Jena  4512,  was  used  in  front  of  the  slit  of  the  spectrograph  to 
remove  overlapping  higher  orders  of  spectra. 

In  addition  to  the  spectrograms  made  here,  as  described  above, 
the  Biueau  of  Standards  has  received  from  Prof.  J.  M.  Eder,  of 
Vienna,  a  number  of  spectrograms  of  the  rare  earth  preparations 
of  C.  Auer  von  Welsbach.  Among  them,  two — one  of  erbium 
nitrate  containing  yttrium,  the  other  of  cerium  chloride — extend 
into  a  portion  of  the  same  spectral  regions  investigated  here. 
These  spectrograms  were  secured  by  Eder  with  a  Rowland  concave 
grating  of  4.6  m  radius  and  containing  13  000  lines  per  inch.     The 

*  J.  Op.  Soa  of  Am.,  4,  p.  91,  1920;  J.  Am.  Chera.  Soc.,  42,  p.  2661,  1930. 
'  B.  S.  Bull.,  18,  p.  »4S.  1916. 
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dispersion  was  3.7  A  per  millimeter.  The  results  derived  from 
these  plates  are  included  with  those  given  in  the  tables  of  this 
paper. 

All  the  plates  were  measured  on  a  large  engine  of  which  the 
smallest  scale  division  is  o.ooi  mm.  The  spectrograms  were 
measured  directly  in  the  sense  increasing  wave  lengths  with 
increasing  scale  readings,  and  then  in  the  reversed  position.  In 
both  directions  of  measurement  from  two  to  six  settings  with  the 
micrometer  wire  were  made  on  each  line  according  to  its  sharpness. 

III.  RESULTS 

In  the  following  tables  are  brought  together  the  results  derived 
from  the  measurement  of  the  plates.  The  tabulated  wave  lengths 
are,  in  the  case  of  yttrium  and  lanthanum,  the  averages  of  from 
2  to  12  determinations,  and  in  the  case  of  ceriiun,  from  2  to  7. 
The  majority  of  the  tabulated  wave  lengths,  however,  are  the 
means  of  4  observations.  Lines  observed  only  once  were  recorded 
on  plates  exposed  longer  than  the  average  to  a  particular  spectral 
region. 

The  second  and  third  colimins  of  the  tables  give  symbols 
describing  the  intensity,  character,  and  accuracy  of  the  lines. 
The  intensities  range  from  i  or  <  i  for  the  faintest  lines  measured 
to  10  for  the  strongest.  An  asterisk  (*)  in  the  second  column 
denotes  that  the  line  was  not  observed  in  the  spectra  of  the 
preparations  submitted  by  the  University  of  Illinois.  Lines  so 
marked  may  be  due  to  impurities,  but  it  is  very  probable,  since 
most  of  them  are  faint,  that  they  failed  to  appear  on  the  spectro- 
grams because  the  exposures  were  not  sufficiently  long.  The 
letters  and  symbols  in  the  explanatory  columns  have  the  following 
significance : 

b=broad. 

coin=coincident. 

d=double. 


R=reversed. 

v=shaded  to  violet. 

A=probable  error  of  o.ooo  A  to  o.oio  A. 

B=probable  error  of  o.oio  A  to  0.020  A. 

C=probable  error  of  0.020  A  to  0.030  A. 

D=probable  error  >o.o3o  A. 

E=only  one  determination. 


g=ghost. 

h=hazy. 

l=shaded  to  red. 

n=band  head. 

p=part  of  band  structure. 

Lines  with  probable  errors  A  and  B  were  measured  three  times 
or  more. 

1.    YTTRIUM 

About  175  lines  in  the  arc  spectrum  of  yttrium  were  measured 
between  the  limits  5503  A  and  7882  A.     Of  these,  approximately 
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one-fifth  are  the  heads  of  bands  which  form  a  prominent  featm-e 
of  the  orange  and  red  regions  of  the  yttriimi  spectrum.  Pro- 
longed exposures,  up  to  five  hours  in  length,  failed  to  show  any 
lines  in  the  spectrum  beyond  that  at  7881.87  A. 

The  yttrium  oxalate  received  from  the  University  of  Illinois 
was  very  pure,  the  only  impurities  present,  if  any,  being  indicated 
by  several  faint  lines  which  occur  also  in  the  spectra  of  lanthanum 
or  erbium.  These  lines  are  marked  in  the  second  column  of  Table  i. 
The  yttrium  chloride  received  from  Eimer  and  Amend  contained 
a  considerable  amount  of  calcimn,  but  was  imcontaminated  by 
other  rare  earths. 

An  extensive  study  of  the  spectrum  of  yttrium  has  been  made 
by  Eder.*  Using  yttrium  sulphate  prepared  by  C.  Auer  von 
Welsbach  he  has  measured  the  arc  spectrum  from  2231  A  to  7881  A. 
An  earlier  work  by  Eder^  gives  practically  the  same  list  of  lines 
in  the  orange  and  red  regions. 

In  general,  the  agreement  between  his  two  sets  of  results  and 
those  presented  here  is  very  good.  Slight  discrepancies,  not 
accounted  for,  are  the  appearance  in  each  list  of  wave  lengths  of 
faint  lines  not  to  be  found  in  the  other. 


TABLE  .1— Arc  Spectrum  of  Yttrium 


XI.  A. 

Notes 

Probable 
error 

XI.  A. 

Notes 

Probable 
error 

XI.  A. 

Notes 

Probable 
error 

S503. 474 

A 

5675.  303 

A 

5841.  898 

1, 

B 

5509.  936 

A 

5675.  642 

A 

5858.  824 

In? 

A 

5513.  658 

A 

5686.  683 

lb 

B 

5871.  764 

B 

5521.  654 

B 

5693.  639 

A 

5876.  134 

Ib.p? 

B 

5526.  729 

B 

5706.  758 

4R 

A 

5879.  953 

A 

5527.  589 

5R 

B 

5713.  845 

2b,n? 

B 

5893.  140 

lb,p? 

B 

5541.  647 

B 

5714.  918 

2b 

B 

5893.  929 

Ib.p? 

B 

5544.  599 

A 

5720.  609 

A 

5902.  940 

A 

5546.  034 

A 

5723.  454 

A 

5939.  082 

2  n 

B 

5550.  996 

A 

5726.912 

lEr? 

A 

5945.  711 

B 

5556.  484 

4R 

A 

5728.  911 

A 

5949.  999 

B 

5567.  759 

A 

5730.  147 

In 

A 

5956.  429 

2  n 

B 

5577.  429 

4R 

A 

5740.  213 

A 

5972.  158 

7n 

B 

5581.  085 

B 

5743.  874 

A 

5987.  706 

5n 

B 

5581.  894 

SR 

A 

5746.  953 

In 

B 

6003.  636 

6n 

B 

5590.  958 

A 

5765.  668 

A 

6009.  196 

3p? 

B 

5594.  126 

A 

5773.  937 

A 

6019.  920 

B 

5606.  345 

A 

5781.  696 

B 

6036.  647 

4  n 

B 

5610.  352 

A 

5787.  740 

2g,  coin 

B 

6053.  844 

4  n 

B 

5619.  945 

B 

5797.  130 

A 

6072.  817 

2n 

C 

5623. 907 

B 

5800.  009 

In? 

B 

6089.  373 

2n 

C 

5630.  144 

6R 

A 

5809.  289 

ip? 

B 

6096.  823 

2  n 

C 

5632.  245 

A 

5812.  671 

B 

6107.  834 

2  n 

C 

5632.911 

A 

5818.  548 

A 

6114.  729 

2  n 

C 

5641.812 

<1 

B 

5819.  258 

Ib.p? 

E 

6127.  387 

in 

B 

5644.  704 

4R 

A 

5820.  023 

lb 

E 

6132.  156 

7n 

B 

5648.  490 

4R 

A 

5821.  879 

2Er7 

A 

6135.  056 

2p? 

B 

5660.  909 

B 

5823.  774 

1 1,  p?  La? 

A 

6138.  417 

B 

5662.  949 

7R 

A 

5832.  255 

A 

6148.  454 

6n 

B 

5669.  229 

A 

5838.  060 

11 

A 

6165.  142 

6n 

B 

«  Kaiser,  Akad.  der  Wiss.  Sitz.  Wien.,  125.  IXa.  p.  383:  »9i6. 
'  Kaiser,  Akad.  der  Wiss.  Sitz.  Wien..  124.  Ila,  p.  118;  1915. 
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TABLE  1.— Arc  Spectram  of  Yttrium— Continued 


XI.  A. 

Notes 

Probable 
error 

XI.  A. 

Notes 

Probable 
error 

XI.  A. 

Notes 

Probable 
error 

6182.  250 

4ii 

B 

6664. 378 

3 

B 

7191.  628 

B 

6191.719 

4 

A 

6687.575 

A 

7195.  942 

B 

6199.  859 

2n 

A 

6691.  848 

B 

7229.  119 

E 

6217.  981 

2n 

B 

6694.  749 

B 

7264.  186 

C 

6222.  572 

2 

A 

6699.  259 

21a? 

B 

7330.  641 

Id? 

C 

6236.  719 

2n 

B 

6700.  707 

A 

7346.  444 

A 

6251. 039 

2n?* 

E 

6713. 195 

A 

7398.  871 

lb 

C 

6275.  013 

2  n,  Er? 

B 

6735.  991 

A 

7442.  258 

D 

6295.  489 

2n?* 

C 

6793.  694 

A 

7450.  286 

B 

6316.  308 

2n?* 

C 

6795.  402 

A 

7452.  978 

lb 

E 

6368.  120 

in?* 

C 

6803. 152 

2b 

C 

7468.  365 

E 

6402.  016 

2 

B 

6815. 147 

B 

7536.  696 

lb 

C 

6435.  029 

6 

A 

6832.  474 

B 

7563.  061 

B 

6437.  173 

2 

A 

6845.  226 

B 

7617.  744 

D 

6501.  263 

2n? 

B 

6858.  216 

A 

7622.  939 

6503.  024 

ip? 

C 

6887.  214 

A 

7719.  893 

E 

6504.  579 

ip? 

C 

6895.  988 

B 

7724.  014 

C 

6518.  364 

2I.n? 

B 

6908.  266 

B 

7788.  390 

C 

6535.  873 

21,  n? 

B 

6933.  533 

A 

7796.  286 

c 

6538.  571 

4 

^ 

6950.  310 

A 

7802.  485 

c 

6553.  876 

2  1,n? 

B 

6951.  662 

A 

7812.  132 

c 

6557.  360 

3 

A 

6958.  005 

ILa? 

B 

7855.  546 

c 

6572.  621 

ll.n? 

B 

6979.  860 

A 

7881.  868 

A 

6576.  859 

2Er? 

A 

7008.  946 

B 

6584.  878 

2 

A 

7009.  952 

B 

6599.  588 

1 

C 

7035. 188 

B 

6613.  740 

3 

B 

7052.  972 

B 

6622.  511 

2 

B 

7054.  323 

B 

6636.  478 

2  La? 

B 

7087.  71 

Ih 

D 

6650. 599 

2 

A 

7127.  928 

B 

2.  LANTHANUM 

In  the  regions  studied,  the  spectrum  of  lanthanum  is  charac- 
terized by  numerous  Hues  of  intensity  3  or  greater.  Superposed 
on  the  Hne  spectrum  is  a  banded  spectrum  which  remains  promi- 
nent out  into  the  infra-red  regions.  In  all,  about  400  lines, 
including  band  heads,  are  tabulated  below  between  the  limits 
5501  A  and  9079  A.  Both  samples  of  lanthanum  analyzed  were 
very  pure.  Lines  suspected  as  not  being  true  lanthanum  lines 
are  appropriately  marked.  Among  these,  the  two  at  6262.30  A 
and  6645.19  A  agree  very  closely  with  the  strongest  lines  in  the 
red  region  of  the  spectrvun  of  europium. 

Eder  and  Valenta  *  have  measured  on  the  Rowland  scale  the 
arc  spectrum  of  lanthanum  between  the  limits  5455  A  in  the 
green  and  7066  A  in  the  red.  Shortly  afterwards  they  also  pub- 
lished measurements  of  heads  of  bands  observed  in  the  lantha- 
num arc.«  A  later  work  by  Eder  '"  using  various  compounds 
of  lanthanum  prepared  by  C.  Auer  von  Welsbach  resulted  in  the 

'  Kaiser,  Akad.  der  Wiss.  Sitz.,  Wien.,  119,  Ila,  p.  39;  1910. 
»  Kaiser.  Akad.  der  Wiss.  Sitz.,  Wien.,  119,  Ila,  p.  547;  1910. 
>»  Kaiser,  Akad.  der  Wiss.  Sitz.,  Wien.,  123,  Ila,  p.  3304;  1914- 
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determination  of  about  120  wave  lengths  in  international  units 
in  the  red  from  6468  A  to  8051  A.  The  stronger  lines  of  his  list 
are  in  close  agreement  with  the  wave  lengths  given  below;  but 
among  his  faint  lines  are  many  not  to  be  found  in  the  accom- 
panying table.  In  like  manner,  Table  2  contains  faint  lines  not 
to  be  found  in  Kder's  list. 


TABLE  2.— Arc  Spectrum  of  Lanthanum 


N  I.  A. 

Note8 

Probable 
error 

XI.  A. 

Notes 

Probable 
error 

! ..... 

Notes 

Probable 
error 

5501.349 

6R 

B 

5823. 829 

4R 

A 

1     6035.120 

lb,p? 

E 

5502. 229 

2 

C 

5827.550 

A 

,     6038.597 

4R 

A 

5502. 656 

2 

C 

5828.  494 

B 

1     6041.587 

A 

5503. 858 

3 

B 

5829. 729 

4R 

B 

1     6044.849 

2b,p? 

B 

5506.067 

2* 

B 

5832.842 

B 

;     6046.050 

lb,p? 

C 

5515. 315 

2 

B 

5834. 330 

B 

;     6061.430 

1  b,  p?* 

C 

5517.386 

3 

B 

5835. 931 

B 

1     6067.154 

B 

5529. 895 

1 

B 

5839.  785 

A 

'     6068.703 

4R 

A 

5532. 071 

B 

5845.  021 

4R 

A 

1     6072.062 

A 

5541. 284 

4R 

B 

5848. 357 

4R 

A 

6074.007 

A 

5544.924 

2 

B 

5848.949 

A 

6075.239 

A 

5565. 396 

3 

B 

5852. 265 

A 

6084.931 

A 

5565. 736 

2 

B 

5855. 5S2 

4R 

A 

6085.462 

B 

5566.938 

2 

B 

5863.681 

5R 

B 

6087.950 

ip? 

B 

5568.  482 

4 

B 

5366.  428 

B 

6092.271 

B 

5570. 385 

I 

C 

5869. 554 

3n,  p? 

B 

6100.364 

A 

5588.  346 

4R 

A 

5869.965 

A 

6107.266 

A 

5600. 065 

5n 

C 

5872. 935 

ip? 

E 

6108.499 

5R 

A 

5602.  559 

5n,  p? 

C 

5873.986 

A 

6111.730 

4R 

A 

5626. 148 

4n  '^ 

c 

5874.731 

A 

6120.339 

A 

5628.  678 

4n,p? 

c 

5877.630 

B 

6121.274 

B 

5631.215 

3 

A 

5877.984 

B 

6123.805 

A 

5632. 055 

3 

B 

5880. 615 

5R 

B 

6126.084 

4R 

A 

5639. 298 

2 

A 

5892. 664 

ip? 

B 

6127.051 

A 

5648.  260 

4 

A 

5893. 592 

3n 

B 

6129.  554 

5R 

A 

5652.  518 

2n 

C 

5894.  826 

4R 

B 

6134.403 

5R 

A 

5654.  891 

2n,p? 

c 

5896.  690 

3n  p? 
2p? 

B 

6136.526 

1 

A 

5657.  743 

4 

A 

5900. 721 

A 

6143.994 

A 

5671. 560 

3 

A 

5901. 958 

A 

6145.339 

A 

5695. 193 

3Gd? 

A 

5904.  298 

A 

6146.552 

B 

5703.  292 

3 

B 

5917.622 

A 

6165.040 

B 

5712. 412 

3 

A 

5720. 852 

3n 

B 

6165.716 

SR 

A 

5714.016 

3 

B 

5723.  969 

2p 

A 

6172. 730 

A 

5714.547 

2 

B 

5927. 660 

2p 

B 

6174.192 

B 

5720.031 

2 

B 

5928. 495 

B 

6188. 107 

A 

5727. 298 

2 

A 

5930.  598 

6R 

B 

6203.540 

A 

5734.951 

3 

A 

5935. 263 

B 

6218.220 

A 

5740.  647 

6R 

A 

5936.  216 

B 

6219.'522 

]* 

B 

5742.946 

3 

A 

5940.838 

B 

6233. 522 

A 

5744.415 

5R 

A 

5948.  236 

2n 

B 

6234.843 

A 

5761.840 

5R 

A 

5951. 378 

2p 

B 

6236.230 

A 

5769. 070 

7R 

B 

5960. 583 

B 

6236. 775 

A 

5769.  368 

7R 

B 

5962.  582 

B 

6238.  586 

A 

5769.993 

5R 

A 

5955.331 

A 

6249. 921 

7R 

A 

5739. 234 

6R 

A 

5971.096 

ip? 

E 

6262.297 

5REu? 

A 

5791.331 

7R 

A 

5973.513 

A 

6266. 030 

4R 

A 

5797.  594 

7R 

B 

5975, 785 

3  1,n? 

B 

6273.780 

B 

5802. 083 

Ib.p? 

B 

5978.895 

2  1,p? 

B 

6287.748 

A 

5805.  767 

5R 

A 

5982.337 

A 

6288.584 

A 

5806.  620 

Ip? 

B 

5992.378 

A 

6293.571 

4R 

A 

5808.  291 

5R 

B 

6007.367 

A 

6296.095 

5R 

A 

5810.  372 

A 

6017.222 

A 

6305.463 

A 

5813. 385 

2 

A 

6025. 108 

ip? 

6307.265 

A 

5820.  533 

1* 

B 

6031.494 

Ib.p? 

B 

6308. 269 

B 

5821.998 

6R 

A 

6034.548 

ip? 

B 

6308.991 

lb* 

B 
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XI.  A. 

Notes 

Probable 
error 

XI.  A. 

Notes 

Probable 
error 

XI.  A. 

Notes 

Probable 
error 

6310. 224 

2b 

B 

6699.842 

1 

A 

7257. 187 

2b,n? 

B 

6310.939 

3 

A 

6709.496 

4 

A 

7270. 075 

2 

A 

6315.817 

1 

A 

6714. 091 

2 

A 

7282.323 

4 

A 

6318.290 

2 

A 

6716.011 

1 

B 

7289.  296 

2n?* 

B 

6320.389 

5R 

A 

6718. 664 

1 

B 

7308.321 

In?* 

C 

6325.919 

5R 

A 

6732. 794 

1 

A 

7320.901 

1 

B 

6330.476 

A 

6748. 125 

2 

A 

7322.001 

In?* 

C 

6333.218 

Tn?* 

B 

6753. 039 

3 

A 

7334. 146 

4 

A 

6333.833 

2* 

B 

6774.268 

4 

A 

7345.314 

3 

A 

6337.915 

2* 

B 

6776.785 

1* 

B 

7354.840 

in?* 

B 

6339.249 

2* 

B 

6778.243 

1* 

B 

7379.711 

2 

C 

6356.438 

2 

6783. 500 

IV* 

B 

7380.081 

5n 

B 

6358. 130 

3Cu? 

B 

6796.  707 

I 

B 

7382.668 

2p 

B 

6360.242 

A 

6808. 850 

2 

A 

7403. 576 

7n 

6374.144 

A 

6813.655 

1 

A 

7411.391 

4p 

B 

6375. 110 

2* 

B 

6816. 290 

1  b,  d?* 

B 

7434. 357 

7n 

B 

6380.558 

£ 

6821.530 

2v,h 

B 

7442.896 

4  p,  air? 

B 

6390.453 

5R 

A 

6823.  785 

3 

A 

7463.075 

2 

B 

6394.242 

6R 

A 

6834. 055 

2 

A 

7465.  276 

5n 

6399.064 

A 

6837.912 

2 

A 

7474.803 

2p? 

C 

6410.982 

A 

6859. 044 

1 

B 

7483. 454 

3 

B 

6417.223 

A 

6898.  414 

Ih* 

B 

7496.  564 

5n 

B 

6443.086 

B 

6899. 545 

Ih* 

B 

7498.756 

2p? 

B 

6446.618 

B 

6902. 117 

1 

B 

7506.766 

2  1,n? 

B 

6448.151 

A 

6903. 073 

1 

B 

7528.  249 

3n 

B 

6450.331 

A 

6917.244 

2 

A 

7539. 203 

2p? 

B 

6454.508 

A 

6918.  273 

2 

A 

7560. 161 

3n 

B 

6455.980 

5R 

B 

6925. 235 

3 

A 

7592. 348 

2n 

B 

6468. 438 

2b 

B 

6934.981 

3 

A 

7612.959 

ip? 

E 

6485.544 

3h 

C 

6952. 500 

2b 

B 

7624.922 

2n 

B 

6492.903 

ll,n? 

B 

6954.514 

2 

A 

7657. 867 

in?* 

B 

6498.187 

A 

6955. 176 

1* 

B 

7664. 331 

2 

B 

6506.273 

Ib.n? 

A 

6958.092 

3 

A 

7666.731 

1  n? 

B 

6519.332 

A 

6961.084 

E 

7691.079 

in?* 

B 

6520.772 

2b,n? 

A 

6968. 716 

2 

A 

7698.830 

1 

B 

6523.904 

A 

6976.  837 

1 

A 

7701.922 

1  b.  n?  * 

B 

6526.976 

A 

6978.039 

1 

B 

7716.687 

ll'jP'* 

B 

6529. 756 

A 

6994. 473 

2n? 

B 

7724.360 

C 

6543. 154 

A 

6996.867 

2    b,    p? 

B 

7737.780 

In?* 

C 

6549. 194 

A 

7011.196 

Gd? 
2n 

B 

7789. 29 

lb,h 

D 

6554. 136 

A 

7809.733 

1  n 

C 

6555.054 

B 

7023.625 

3n? 

B 

7826. 388 

1 

C 

6555.950 

B 

7024.454 

E 

7841.856 

2b,n? 

C 

6565.415 

3    b.   h. 

B 

7032.009 

2 

B 

7877.226 

5n 

A 

Cu? 

7040.  815 

2I.n? 

B 

7908.757 

2p? 

B 

6570.937 

A 

7045.933 

4 

A 

7910.  5.56 

6n 

A 

6578.518 

A 

7054. 831 

2n* 

B 

7912.308 

Ip?  * 

c 

6582.207 

A 

7066. 194 

4 

A 

7945.013 

5S 

B 

6593.458 

A 

7068.323 

3 

A 

7947.915 

Ip? 

c 

6599.484 

lb 

E 

7070.  799 

2n 

A 

7964.834 

1 

B 

6600. 166 

A 

7076.368 

1* 

B 

6605.090 

A 

7085.417 

2n* 

B 

7979.  746 
7983. 304 
8001.964 
8014.830 
8019.541 

IE' 

ip? 

A 
B 
B 

6607.676 
6608. 253 
6616. 588 

E 
A 
A 

7101.052 
7116.442 
7131.680 

2n 
3n* 
2n* 

B 
C 
B 

6628.387 

B 

7147.480 

2n* 

B 

6631.218 

A 

7149. 704 

Ip?* 

E 

8050.250 

2n 

A 

6638. 521 

lYt? 

A 

7158.059 

2 

B 

8051.360 

1    ,. 

B 

6642.779 

A 

7161. 192 

3 

A 

8055.783 

ip?* 

C 

6644.389 

A 

7162.598 

2n* 

B 

8086.074 

2 

A 

6645. 188 

2Eu? 

A 

7179.029 

2n* 

8122.213 

In 

A 

6650.799 

A 

7193. 674 

2  b,  n? 

B 

8129.808 

1 

E 

6661.405 

A 

7211.015 

2n?* 

B 

8158.997 

B 

6671.402 

A 

7219.884 

2 

A 

8196.017 

1 

C 

6692.880 

A 

7225. 235 

2  V,  n? 

8203.391 

C 

6699.243 

lYJ? 

A 

7242.873 

2b,n7 

B 

8216.383 

lair? 

B 
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XI.  A. 

Notes 

Probable 

error 

XI.  A. 

Notes 

Probable 
error 

XI.  A. 

Notes 

Probable 
error 

8233.054 

lh*alr? 

C 

8519.15 

<1 

E 

8703. 16 

<lCu? 

E 

8247.  475 

2 

B 

8526. 66 

2n 

B 

8714.70 

<ln? 

E 

8316.031 

B 

8543.48 

B 

8720.40 

1 

C 

8324.  694 

3 

A 

8545.428 

A 

8748.420 

2 

B 

8346. 547 

3 

A 

8557.24 

<1 

E 

8753.64 

<ln? 

B 

8379, 728 

2* 

B 

8563.54 

2n 

B 

8793. 13 

<ln? 

E 

8453.86 

in?* 

D 

8590.98 

C 

8818.95 

1 

E 

8467.53 

2n? 

C 

8595. 74 

<lb 

E 

8825.84 

2 

B 

8476.483 

2 

A 

8600.86 

B 

8839.67 

E 

8480. 78 

<1 

E 

8624.29 

E 

8957. 70 

1 

B 

8484. 38 

<1 

E 

8634. 53 

<l 

E 

8963.48 

<l 

E 

8490.01 

lb,  n? 

C 

8638.48 

in? 

C 

9078.99 

<1 

E 

8507.35 

C 

8672. 13 

B 

8513. 55 

1 

c 

8674.383 

A 

8514.63 

1 

c 

8676. 50 

in 

E 

3.  CERIUM 

Table  3  contains  about  1 700  lines  in  the  arc  spectrum  of  ceriun 
between  the  limits  5500  A  and  9025  A.  Most  of  the  lines  are 
faint;  that  is,  of  intensity  2  or  less.  A  band  spectriun  is  indicated 
by  the  presence  of  a  few  band  heads,  but  this  feature  does  not 
display  the  prominence  in  ceriiun  that  it  does  in  yttrium  and 
lanthanum. 

Using  cerium  ammonium  nitrate  and  cerium  chloride  prepared 
by  C.  Auer  von  Welsbach,  Eder  and  Valenta  "  measured  the 
arc  spectrum  of  cerium  from  4800  A  to  7253  A  on  the  Rowland 
scale.  A  later  work  by  Eder  ^^  yielded  wave  lengths  between 
6466  A  and  8025  A,  expressed  in  the  international  units.  In  the 
regions  common  to  their  work  and  that  done  at  the  Biu-eau  of 
Standards  there  is  very  good  agreement  between  the  two  sets  of 
results. 

TABLE  3.— Arc  Spectrum  of  Cerium 


XI.  A. 

Notes 

Probable 
error 

XI.  A. 

Notes 

Probable 

XI.  A. 

Notes 

Probable 
error 

SS00.91 
5501.43 

5501. 79 

5502. 80 

5503. 55 

5504. 19 

5504. 56 
5505. 11 
5505. 52 
5506.04 

5506.  48 
5508. 04 
5508. 69 
5509. 02 
5509. 44 

1 
1 
1 
1 
1 

1 
1 
1 
1 
2 

2 

1 
<1 

1 

1 

B 
C 
E 
B 
C 

C 
C 
C 

E 
B 

B 
B 
C 
C 
C 

5510. 70 
5511.19 
5511.61 
5512.08 
5513. 14 

5514.  23 

5515.  23 
5515. 37 
5516.07 
5516.32 

5517.  40 
5517.  86 
5518.52 
5519.02 
5519. 78 

B 
E 
E 
B 
B 

B 
C 
C 
B 
B 

B 
B 
B 
B 
E 

5520. 20 
5520. 81 
5521.05 
5521.88 

5522.  50 

5523.01 

5523.  65 

5524.  42 
5524. 73 
5525. 58 

5526. 09 

5526.  78 

5527.  15 
5527. 56 
5527.93 

<1 

2 
3 

2 

1 
2 
2 

1 
1 

B 

i 
B 

B 

B 
B 

8 

E 

B 
B 
B 
B 
C 

"  Kaiser,  Akad.  der  Wiss.  Sitz.,  Wien.,  119,  Ila, 
"  Kaiser.  Akad.  der  Wiss.  Sitz..  Wien.,  12S.  Ila. 
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M.A. 

Notes 

Probable 
erior 

XI.  A. 

Notes 

Probable 
error 

XI.  A. 

Notes 

Probable 
error 

5528.75 

B 

5568.  79 

E 

5617.  46 

B 

5529. 13 

E 

5569.  30 

B 

5618. 18 

B 

5529.48 

E 

5570.  48 

B 

5618. 64 

B 

5529. 90 

<1 

E 

5570. 94 

B 

5618. 87 

<1 

E 

5530. 46 

B 

5571.  61 

B 

5619.  36 

C 

5531. 18 

B 

5572.  23 

B 

5619.  69 

C 

5531.53 

<1 

E 

5573. 12 

B 

5620.  38 

A 

5532.04 

C 

5574.  36 

<1 

E 

5620. 77 

<1 

E 

5532.92 

C 

5575.  08 

B 

5621. 76 

<1 

E 

5533. 21 

B 

5576.  04 

B 

5622. 23 

B 

5533. 49 

<1 

E 

5577.  05 

B 

5622.65 

B 

5534.64 

<1 

E 

5577.  28 

A 

5623.00 

B 

5535.25 

B 

5578.  29 

A 

5623. 76 

B 

5535.84 

E 

5578.  92 

A 

5624.84 

B 

5536. 41 

E 

5579.  24 

B 

5625. 23 

B 

5537. 26 

B 

5579.  50 

B 

5626.01 

A 

5537.52 

3 

B 

5580.  60 

<1 

E 

5626. 73 

A 

5538.09 

B 

5582.  58 

B 

5627. 24 

B 

5538.51 

C 

5582.  70 

A 

5627.63 

A 

5539. 24 

1 

C 

5583.  87 

Id? 

B 

5628. 17 

2d 

A 

5539.61 

C 

5584.  72 

3d 

B 

5629.01 

B 

5540.57 

B 

5585.  48 

B 

5629.  71 

B 

5541.25 

E 

5586.  72 

A 

5630. 39 

A 

5541.59 

<1 

E 

5587.  24 

<1 

E 

5630.98 

A 

5542. 13 

B 

5588.  12 

B 

5631,31 

B 

5542. 77 

B 

5588.  33 

A 

5632.07 

Id 

B 

5543.70 

B 

5589.  25 

A 

5632. 49 

A 

5544. 12 

C 

5590,  13 

B 

5633.09 

B 

5544.65 

B 

5590.  52 

2 

B 

5633.48 

B 

5545.24 

<1 

C 

5592. 16 

A 

5634.48 

A 

5545. 50 

C 

5592.  58 

<1 

E 

5635. 28 

A 

5546. 16 

B 

5592.  93 

<1 

E 

5636. 44 

A 

5546.52 

B 

5593.  72 

B 

5636.91 

B 

5546.86 

B 

5594.  17 

B 

5637.  37 

A 

5547.48 

A 

5594.  74 

A 

5638. 18 

A 

5548.81 

A 

5594.  97 

A 

5638.66 

2v.d? 

A 

5549.29 

<1 

D 

5595.  89 

A 

5640. 14 

A 

5550.03 

B 

5596.  54 

Id 

B 

5640. 78 

A 

5550.64 

B 

5597.  13 

A 

5641.43 

B 

5551. 40 

B 

5597.  96 

A 

5641.71 

B 

5551.63 

<1 

E 

5598.  96 

3d 

A 

5642. 80 

B 

5552.30 

B 

5600.  18 

B 

5643. 88 

B 

5553. 33 

<1 

E 

5601.  29 

5 

A 

5644.29 

B 

5554.36 

B 

5602.  09 

<1 

E 

5644. 72 

2b,d 

B 

5556.26 

B 

5602.  79 

A 

5645.45 

B 

5556.  95 

A 

5603.  63 

B 

5645. 96 

B 

5557.  58 

<1 

E 

5604.  15 

B 

5646. 60 

B 

5558.  31 

B 

5604.  39 

A 

5647.09 

B 

5558.  65 

B 

5605.  03 

A 

5647. 74 

B 

5559.  22 

A 

5606,  13 

A 

5649. 29 

A 

5560.  06 

A 

5606.  47 

A 

5649.95 

<1 

E 

5560.  96 

B 

5607.  63 

A 

5650.59 

A 

S561. 46 

A 

5608. 48 

B 

5651.28 

B 

5562.  21 

B 

5608. 99 

B 

5652. 20 

B 

5563.  02 

B 

5609.44 

B 

5652.98 

A 

5563.  74 

<1 

E 

5610.  27 

B 

5653. 51 

B 

5564.  26 

B 

5610.  93 

A 

5654. 21 

<1 

E 

5564.  99 

A 

5611.68 

B 

5655. 17 

A 

5565.  28 

1* 

A 

5612.  65 

B 

5656.  21 

A 

5565.  97 

B 

5613.  71 

A 

5656.89 

iLn? 

B 

5566. 49 

A 

5614.  22 

B 

5658. 25 

A 

5567.  06 

<1 

S 

5614.  75 

A 

5659.  81 

5567.  52 

B 

5615.  98 

A 

5660.  48 

g 

5567.  82 

B 

5616.  53 

A 

5661. 19 

g 

5568.23 

<1 

B 

5617. 12 

A 

5662.11 

<1 

B 
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IVoL  tr 


XI.  A. 

Notes 

Probable 
error 

M.A. 

Notes 

Probable 
error 

XI.  A. 

Notes 

Probable 
error 

5662.72 

1 

A 

5718.42 

2  b,  d? 

B 

5768.05 

A 

5663.24 

3 

B 

5719.09 

A 

5768.94 

A 

5663.48 

2* 

B 

5719. 55 

A 

5769.95 

A 

5664.  00 

5* 

A 

5720. 78 

ll.d? 

C 

5770.45 

A 

5564.  68 

2 

B 

5721.97 

A 

5771.55 

B 

5665.38 

A 

5722.62 

A 

5771.97 

A 

5667. 14 

B 

5723. 25 

B 

5772. 23 

A 

5667. 67 

B 

5724.47 

B 

5773. 04 

A 

5668.  GO 

C 

5724.96 

B 

5773.58 

A 

5668.94 

A 

5725.85 

A 

5774.37 

A 

5669. 97 

A 

5726.15 

A 

5775.03 

A 

5670. 75 

B 

5727.  27 

A 

5775.80 

A 

5671.42 

A 

5728.  06 

B 

5776.23 

C 

5671.92 

B 

5728. 63 

B 

5776.73 

B 

5673. 73 

A 

5729.38 

A 

5777.26 

B 

5675.10 

A 

5730.46 

A 

5778.35 

3b.gcoin? 

B 

5676.38 

B 

5730. 81 

B 

57''9. 23 

B 

5676. 89 

A 

5731.  28 

E 

5780. 22 

B 

5677.24 

A 

5731.91 

B 

5780. 75 

E 

5677.76 

A 

5733.85 

2  b.  d 

B 

5781.32 

<1 

£ 

5678. 33 

A 

5735. 77 

2b.d 

B 

5782.43 

E 

5678.  98 

E 

5736. 58 

B 

5782.80 

E 

5680.  27 

B 

5737.08 

B 

5783.99 

A 

5681.77 

B 

5737.49 

B 

5784.86 

A 

5682. 22 

A 

5737. 75 

A 

5785. 76 

B 

5682. 77 

B 

5738.32 

A 

5786.85 

B 

5683. 12 

A 

5739. 17 

Id 

B 

5787.21 

A 

5683.77 

A 

5739.63 

A 

5788. 14 

A 

5684.38 

A 

5740.  20 

lb 

A 

5788.58 

A 

5684.94 

A 

5741.13 

A 

5789.95 

3d.gcoln7 

B 

5685.86 

A 

5741.92 

B 

5791.32 

A 

5687. 82 

A 

5742.45 

Id 

B 

5791.67 

A 

5688. 12 

B 

5743.52 

A 

5792.38 

A 

5688. 48 

B 

5744.35 

1* 

B 

5792.96 

B 

5689. 90 

2b 

B 

5744.68 

A 

5794.32 

A 

5690.35 

Ib.d? 

B 

5746.05 

B 

5794. 79 

A 

5691.48 

A 

5746.48 

A 

5795.27 

B 

5692. 12 

A 

5746. 92 

A 

5796.05 

3d 

A 

5692. 98 

A 

5747.  36 

A 

5796.45 

A 

5694.05 

B 

5748. 29 

A 

5797.40 

A 

5694.93 

lb.  d? 

A 

5748.94 

A 

5798.09 

2d 

B 

5695.88 

A 

5749. 36 

B 

5799.38 

B 

5697.  02 

A 

5750.64 

A 

5790.  80 

A 

5699.  24 

A 

5751.20 

B 

5800.33 

A 

5699. 92 

<1 

E 

5752. 12 

B 

5801.16 

A 

5700.45 

<1 

E 

5752.51 

A 

5801.61 

B 

5700.86 

<l 

E 

5753.  03 

A 

5802. 89 

B 

5701.51 

B 

5754.  05 

A 

5803.  23 

1 

A 

5702.34 

A 

5754.  71 

A 

5804.42 

A 

5703.25 

A 

5755.  42 

E 

5804.96 

1 

A 

5704.53 

Id 

A 

5756.00 

B 

5806. 15 

A 

5706.21 

lb 

B 

5756.59 

Id 

B 

5806.  53 

Id 

B 

5706.87 

A 

5757.48 

B 

5807. 07 

B 

5707.44 

A 

5758.24 

B 

5807.50 

A 

5708.49 

A 

5758.79 

A 

5808.43 

<1 

E 

5709.06 

A 

5759. 71 

<1 

E 

5809.35 

Id 

A 

5709. 64 

B 

5760. 16 

A 

5809.72 

A 

5710.07 

A 

5760. 59 

A 

5810.73 

A 

5710.83 

B 

5760.97 

A 

5811.83 

A 

5711.45 

A 

5762. 57 

B 

5812.93 

A 

5712.29 

A 

5763.00 

B 

5814.07 

<1 

B 

5713. 86 

B 

5763.  36 

B 

5815.47 

A 

5714. 33 

A 

5764. 72 

3d 

B 

5815.91 

B 

5715.28 

3 

A 

5765.34 

A 

5816.41 

A 

5716.49 

3 

A 

5766.43 

2b,d? 

B 

5817.06 

B 
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XI.  A. 

Notes 

Probable 
error 

XI.  A. 

Notes 

Probable 

XI.  A. 

Notes 

Probable 
error 

5817.78 

A 

5872.94 

2d 

B 

5922.95 

B 

5818.80 

B 

5873.91 

A 

5923.  55 

B 

5820. 38 

3b,d? 

B 

5874.90 

<1 

E 

5924.  05 

A 

5820. 80 

A 

5875.85 

C 

5924.  90 

A 

5822.99 

A 

5876. 44 

B 

5926.  28 

A 

5823.46 

A 

5877.12 

<1 

E 

5927.  31 

B 

5824.60 

A 

5877.69 

C 

5927.  76 

B 

5825.22 

lb,d? 

C 

5878.07 

B 

5928.  32 

4 

B 

5826.56 

A 

5878.94 

B 

5928.  74 

A 

5826.88 

1* 

A 

5879.92 

C 

5929.  46 

B 

5827.  25 

A 

5880.43 

C 

5929. 84 

B 

5828. 00 

<1 

B 

5880.97 

C 

5931. 71 

C 

5828.40 

ICu? 

B 

5881.  69 

B 

5932. 17 

B 

5828.82 

B 

5882.  69 

B 

5932.  64 

C 

5829.33 

B 

5884.89 

Id 

B 

5933.  05 

C 

5830.03 

3d 

B 

5885.  82 

B 

5933.  58 

B 

5830.67 

B 

B 

5934.  43 

B 

5831.37 

2Cu? 

B 

5885] 69 

B 

593S.  44 

C 

5831.92 

A 

5887. 55 

B 

5936.  76 

C 

5832. 29 

B 

5888.00 

B 

5937.  69 

B 

5832. 88 

Id 

B 

5888. 50 

A 

5938.  38 

2d 

B 

5834.  25 

A 

5888. 99 

B 

5939.  80 

B 

5835.84 

A 

5889  60 

B 

5940. 84 

B 

5837.  66 

B 

5891.29 

C 

5941.  51 

B 

5838. 13 

A 

5892.48 

B 

5941.87 

B 

5838.88 

A 

5893.  24 

B 

5942. 66 

B 

5839.  36 

A 

5893.90 

1 

C 

5943. 57 

2  1.n? 

B 

5840.  01 

<1* 

B 

5894.32 

B 

5944.  88 

B 

5841.59 

<1 

B 

5894.93 

A 

5945.  40 

C 

5842. 11 

B 

5895.85 

3d,Na 
coin? 

B 

5946.  23 

C 

5843. 10 

A 

5947.  03 

Id 

B 

5843.  73 

A 

5896.34 

3b,l 

B 

5947.  64 

B 

5844.36 

2b 

B 

5897.  72 

C 

5948. 19 

B 

5845. 37 

B 

5898.  10 

A 

5948.  78 

Id 

B 

5845.98 

B 

5898.  89 

5899.  23 

B 
B 

5950.  23 

1 

B 

5846. 73 

A 

5950.  60 

B 

5847. 61 

1  V 

B 

5899.  70 

A 

5951.  21 

B 

5848. 32 

A 

5900.  66 

B 

5952.  25 

B 

5848.  86 

A 

5901.  33 

A 

5952.  88 

B 

5849.56 

^' 

B 

5902.  65 

5903.  03 

B 
B 

5956. 04 

C 

5851.08 
5853. 07 
5853. 34 

3* 
3b 
3* 

E 
A 
A 

5903.  54 

5904.  74 

<1 

I 

5956.  77 
5959.  07 

5959.  73 
5960. 17 

5960.  81 

I 
3 

B 
B 
B 
B 
B 

5853.68 

A 

5905.  27 

Id 

C 

5854. 85 

B 

5906.  00 
5906.  85 

lb,d 

B 
B 

2d 

5855. 19 
5856. 64 
5857. 12 
5857. 60 
5858. 19 

A 
B 
A 
B 
B 

5907.  49 

5908.  34 

5909.  20 

5910.  00 
5910.  68 

2 
<1 

5R 

B 
E 
B 
B 
C 

5962.  61 

5963.  35 

5964.  07 
5964.  67 
5966,  26 

4d 

E 
B 
C 
B 
B 

5858. 56 

B 

5859. 37 

A 

5911.28 

<1 

E 

5967.  36 

C 

5862. 50 

A 

5912.  25 

1 

C 

5967.  72 

C 

5863. 86 

A 

5912.  88 

3d 

5968.  08 

B 

5864. 53 

A 

5913.  75 

1 

B 

5968.60 

B 

5914.  84 

B 

5959.20 

C 

5865. 16 

A 

5865.  75 

C 

5915.  57 

B 

5969.80 

B 

5867. 89 

B 

5916.  29 

C 

5970.25 

C 

5868.49 

B 

5916.  68 

1 

C 

5970. 75 

B 

5869.  32 

Id 

B 

5917.  43 

B 

5972.08 

B 

5919.  06 

B 

5972. 80 

B 

5869.  97 

B 

5870. 34 

<1 

B 

5919.  43 

B 

5973. 50 

1  f 

B 

5870. 85 

B 

5919.  93 

1* 

C 

5974.  62 

lb 

E 

5871.61 

A 

5920.  40 

B 

5975.  25 

B 

5872.30 

B 

5921.  32 

lb 

E 

5975.90 

A 

5922.  11 

A 

5978.43 

A 
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[Vol.  n 


XI.  A. 

Notes 

Probable 
error 

M.A. 

Notes 

Probable 
error 

M.A. 

Notes 

Probable 
error 

5979. 39 
5979. 74 
5980. 56 
5981. X8 
5981.83 

21.n? 

A 
B 
B 
B 
B 

6018.41 
6018.  83 
6020.  59 
6021.24 
6021.64 

C 
A 
B 
B 
B 

6069. 46 
6070. 17 
6072.00 
6072.32 
6073.07 

A 
B 
B 
B 
B 

5982. 35 
5982. 91 
5983. 57 
5984. 25 
5985.40 

<1 

1» 

E 
C 
B 
B 
B 

6022.36 
6023. 14 
6024. 19 
6025.  28 
6026.05 

2d 
2d 

C 
C 
A 

B 
B 

6073.90 
6074.  26 
6075. 16 
6075.58 
6075.91 

lb 

C 
C 
C 
B 
B 

5986. 24 
5986. 66 
5987. 38 
5988.  29 
5988. 79 

B 
B 
B 
C 
B 

6027.16 
6027. 78 

6028.  28 

6029.  07 
6029. 72 

2d 

A 
B 
B 
B 
B 

6076.63 
6077. 16 
6077.55 
6078.  44 
6079. 37 

B 
B 
B 
C 
B 

5989. 37 
5990. 22 
5990. 85 
5991.  62 
5992.06 

11.  n? 
<l 

B 
B 
B 
B 

E 

6030.  35 
6030.  67 
6031.25 
6032. 10 
6032. 53 

2Cu? 

C 
B 
A 
B 
B 

6080.  37 
6081.27 

6082.  08 
6082.80 

6083.  39 

A 
B 
B 
C 
C 

5992.64 
5993.31 
5Q93. 83 
5994. 29 
5994. 74 

iCug? 

B 
C 
C 
C 

c 

6033.57 
6034.  20 
6034. 59 
6035.48 
6035. 85 

2d 

A 
B 
B 

6083.93 
6084.90 
6085.40 

6086.  62 

6087.  38 

Id 

C 
C 
B 
B 
B 

5995.35 
5996. 20 
5997.00 
5997.38 

B 
C 
B 
C 
C 

6036.62 

6037.  07 

6038.  40 

6039.  05 
6039.  80 

B 
B 
B 
C 
B 

6087.62 

6088.  21 
6088  88 
6089. 40 

6089.  65 

B 
B 
B 
B 
C 

5998. 11 
5998. 46 
5999.  31 
6000. 17 
6000. 86 

C 
C 
C 
B 
C 

6040.  59 
6041.37 
6041.92 
6043.  39 
6044. 14 

B 
C 
C 
A 
B 

6090.97 
6091.74 
6092.34 
6093. 19 
6093.56 

\ 

B 
C 
B 
B 
B 

6001.83 
6002. 27 

6002.  68 

6003.  09 
6003. 66 

B 
C 
C 
C 
B 

6045.44 
6045.88 
6046.  72 
6047. 39 
6050.07 

Id 

B 
B 
B 
A 
B 

6093.83 
6094. 29 
6096. 96 

6097.  60 

6098.  34 

} 
5 

C 
B 

B 
B 
A 

6004. 03 
6004. 50 
6005.33 

6005.  85 

6006.  21 

E 
C 
E 
A 
B 

6051.30 
6051.  78 
6052. 60 
6053. 29 
6053.  94 

B 
B 

A 
E 
B 

6099. 40 
6099.  77 
6100. 11 
6100. 79 
6101.24 

1 

C 

i 
B 
C 

6006.  80 

6007.  38 

6008.  47 

6009.  03 
6009.63 

A 
A 
B 
E 
B 

6054.63 
6055.30 
6056.  08 
6056.45 
6057.42 

4d 

B 
B 
C 
B 
B 

6101.56 
6102. 74 
6103.42 
6104.02 
6104.84 

C 
B 
B 

B 
B 

6010. 09 
6010. 44 
6011.04 
6011.55 
6011.96 

1 

B 
B 
E 
B 
B 

6057.99 
6058.60 
6059.  32 
6060. 70 
6061.67 

2d 

B 
C 

B 
B 

6107.  04 
6107. 79 

6108.  74 

6109.  72 
6111.92 

C 
E 
B 
B 
B 

6012.31 
6013. 40 
6014.06 
6014.  65 
6015.44 

B 
A 
B 

i 

6062. 40 
6062.75 
6063.43 
6064.05 
6064.48 

C 

8 

E 
A 

6112.90 
6113.33 
6114.27 
6114.69 
6115.15 

C 

I 
B 
B 

6015.99 
6016.56 
6017.02 
6017.28 
6017.86 

B 

6066.23 
6066.  72 
6067.02 
6068.  17 
6068.65 

2 

B 

B 
B 
B 

6115.44 
6116.47 
6117.71 
6118.56 
6118.87 

C 
C 
B 
B 
B 
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XI.  A. 

Notes 

Probable 
error 

XI.  A. 

Notes 

Probable 
error 

XI.  A. 

Notes 

Probable 

error 

6119.79 

B 

5190.  07 

C 

6271. 18 

B 

6120.  63 

C 

5192.27 

B 

6272.  05 

A 

6123. 66 

A 

5192.92 

<1 

E 

6273.  71 

2b 

B 

6124.  31 

B 

5194.  21 

C 

6274.  35 

B 

6124.98 

B 

6194.  75 

B 

6275.32 

B 

6125.43 

C 

5195.  27 

B 

6275.  45 

B 

6126.  09 

2v,d? 

B 

6195. 55 

A 

6276.86 

C 

6128. 54 

C 

5195. 29 

A 

6277. 10 

B 

6129.00 

B 

6198.04 

A 

6279. 10 

B 

6130. 15 

B 

6200.65 

1* 

B 

6281. 58 

11 

B 

6131. 13 

C 

5201.  83 

2b 

B 

5282.  85 

A 

6132.  06 

3(1 

B 

5204.83 

lb,  d? 

B 

6283. 57 

A 

6132.  76 

Id 

B 

5205.  74 

B 

6283.  99 

A 

5133.  24 

C 

5208.  32 

B 

6285.  75 

B 

6133.61 

B 

5208.99 

A 

5285.  34 

B 

6134.  58 

B 

5209.  58 

B 

6287. 14 

B 

6135.51 

A 

5211.  05 

A 

6287.  64 

C 

6136.  59 

B 

6211.57 

<1 

E 

6290. 49 

B 

6137. 23 

B 

5212.51 

A 

6291.42 

B 

6138.  33 

1 

B 

5214. 11 

B 

6294.  36 

Id 

B 

6139.  03 

B 

5216.07 

A 

6295.  58 

A 

6139.82 

C 

6215. 83 

A 

6296. 15 

B 

6140.  63 

C 

5220.  72 

Id 

B 

6296.99 

B 

6141.34 

B 

6221. 33 

B 

6299. 51 

A 

6141.88 

11,  d? 

B 

6222.  28 

B 

6300. 23 

A 

6142.92 

B 

6223. 23 

B 

5302. 15 

A 

6143.  39 

B 

6223.  55 

3d 

B 

6302.  77 

B 

6146.42 

B 

6225.50 

Id 

B 

6304.01 

B 

6146.95 

Id 

B 

6226.  88 

B 

5305.  26 

B 

6147.85 

A 

5227. 32 

11 

C 

6306. 63 

A 

6149.  58 

B 

6228.  24 

B 

6307.  55 

B 

6150.  20 

B 

6229. 00 

4d 

B 

5308.  08 

X 

C 

6151.  20 

Iv,  d? 

B 

6230.  25 

B 

5308.  64 

1 

C 

6151. 73 

A 

6231.  43 

Id 

B 

6309.  29 

B 

6153.24 

B 

5232. 46 

A 

6310.03 

A 

6153.92 

Id 

B 

5233. 79 

ICu? 

C 

6310.  53 

A 

6155. 05 

lb,  d? 

C 

6237.  45 

A 

6312.  58 

A 

6155. 49 

B 

6238.  71 

A 

6316.44 

B 

6156.75 

B 

6241.47 

B 

6318.00 

A 

6157.63 

C 

6241.91 

B 

6318. 57 

A 

6158. 14 

C 

6242.  92 

A 

6320.82 

B 

6158.93 

A 

6243.93 

1 

B 

6321.25 

A 

6159.82 

A 

6244.  87 

lb,  1 

B 

6321.61 

A 

6161.36 

B 

5247. 80 

C 

6322.  37 

B 

6162. 14 

A 

5249.  64 

C 

6322.  87 

B 

6162. 73 

B 

6250. 32 

B 

6323.  87 

B 

6163.20 

A 

6250.91 

B 

6327.  46 

A 

6164.43 

B 

6251.  66 

B 

6328.  16 

B 

6164.70 

B 

6253. 27 

B 

6328.  89 

Ib.v 

B 

6165.54 

2d? 

6253. 62 

B 

6329.  43 

A 

6166. 56 

B 

6254. 72 

B 

5330.  05 

B 

6167.88 

B 

6255.  74 

B 

5330.  92 

B 

6172.91 

2  d,  air? 

A 

5255. 36 

A 

6331.  27 

B 

6174.00 

E 

6257. 98 

A 

6332.  00 

A 

6174.51 

C 

6258. 60 

C 

6334.  12 

B 

6175.28 

A 

6259. 11 

IDy? 

B 

6334.  83 

B 

6177.96 

A 

6259.35 

B 

6335.  39 

A 

6178.39 

A 

6259.  78 

C 

6336.  29 

A 

6180.08 

A 

6260. 36 

Id 

B 

6337.  22 

A 

6182. 23 

A 

6261.06 

B 

6338.  28 

B 

6184.04 

2d 

A 

6262. 05 

lb.  d? 

B 

6338.  73 

B 

6186. 16 

A 

6264. 26 

A 

6339.  89 

A 

6186.  91 

A 

6266.  23 

A 

6340.  69 

A 

6187. 91 

A 

6269.80 

A 

6341.  85 

B 

6188.46 

A 

6270.28 

A 

6343.  96 

3 

A 
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XI.  A. 

Notes 

Probable 
error 

M.A. 

Notes 

Probable 
error 

XI.A- 

Notes 

Probable 
error 

6344.87 

1, 

B 

6448.  46 

<1 

E 

6532. 29 

B 

6345.  82 

B 

6449.  77 

E 

6534. 49 

A 

6346.  72 

lair? 

A 

6450.  95 

<1 

E 

6537.  48 

B 

6347.  35 

A 

6451.  38 

<l 

E 

6537.  99 

B 

6348.  28 

A 

6451.  98 

B 

6540. 34 

B 

6348.  80 

A 

6453.  86 

B 

6541.67 

ib.d? 

C 

6349.  40 

A 

6454.  92 

A 

6542.  06 

<l 

E 

6351.  27 

B 

6456.  84 

B 

6542.96 

B 

6351.  59 

B 

6458.  06 

B 

6543.  60 

B 

6352.  18 

B 

6458.  54 

<I 

E 

6544.46 

2  b,  Cu? 

C 

6353.  52 

A 

6458.  96 

<1 

E 

6546.  45 

E 

6360.  23 

A 

6460.  59 

<1 

E 

6548. 58 

C 

6365.  60 

B 

6461.  86 

B 

6549. 20 

C 

6367.  79 

B 

6462.  77 

B 

6S49.  88 

C 

6369.  19 

A 

6466.  86 

B 

6550. 09 

<1 

E 

6370.  60 

B 

6467.40 

A 

6551.  69 

A 

6371.  10 

A 

6468.  46 

C 

6555.  65 

A 

6372.  48 

A 

6468.  97 

A 

6559. 40 

B 

6372.  99 

A 

6470.  96 

A 

6559.  92 

B 

6374.  82 

B 

6471.73 

B 

6560.  75 

B 

6379.  23 

A 

6472. 54 

B 

6562. 12 

E 

6379.  75 

A 

6473. 08 

A 

6562.  98 

E 

6380.  11 

A 

6473. 67 

B 

6563.  47 

B 

6383. 13 

B 

6477.  89 

B 

6555.  71 

E 

6383.50 

B 

6478. 53 

B 

6567.  85 

C 

6386. 16 

A 

6479. 33 

B 

6568.  52 

C 

6386.  86 

A 

6480. 75 

1  V 

C 

6570.82 

A 

6390.32 

A 
B 

6481.98 

lali? 

A 

6573.  65 

B 

6390.66 

6482. 53 

<1 

E 

6574.  04 

C 

6393.  02 

B 

6482. 84 

lb 

C 

6574.45 

B 

6394.  09 

<1 

E 
B 
A 
B 
E 

6485. 97 

A 

6575. 52 

B 

6395. 12 

6487. 56 

E 

6577. 47 

B 

6396.  26 
6399.  9d 

6488. 01 

E 

6579.  09 

A 

6488.  68 

E 

6580.46 

E 

6400  66 

1* 

6490.97 

A 

6581.14 

<1 

E 

6403  66 

B 
£ 
B 
E 
B 

6494.59 

B 

6581.98 

<1 

E 

6411.  68 

6494. 93 

C 

6582. 79 

E 

6412.  85 

6496.  90 

B 

6583.45 

E 

6415.  41 

<1* 

6497.92 

E 

6588.  63 

B 

6416.  39 

6499. 56 

C 

6589.  34 

<1 

B 

6418.  06 

<1 

E 
E 
B 
B 
B 

6500. 42 

B 

6590. 48 

C 

6419.  06 

<1 

6501.82 

C 

6591.19 

C 

6422.  91 

6503. 26 

A 

6592.  32 

B 

6423.34 

6504.06 

A 

6594. 55 

<1 

E 

6424.  47 

6506. 22 

lb.v 

E 

6595.  52 

B 

6425. 30 

B 
B 
E 
E 
A 

6507. 18 

A 

6597.  00 

B 

6425.  87 

6507. 74 

<1 

E 

6597.  57 

B 

6426.  53 

6509.  01 

A 

6598.  42 

B 

6429.04 

6511.44 

<1 

E 

6598.  99 

C 

6430.  07 

6513.  61 

A 

6599.  61 

B 

6431.  51 

lb,* 

C 
B 
A 
A 
£ 

6517.  28 

A 

6600. 16 

C 

6431.  92 

6519. 12 

A 

6601.57 

C 

6433.  41 

6521.51 

C 

6602.  20 

B 

6434.  38 

6522. 05 

B 

6603.  32 

C 

6435.48 

<i 

6522.55 

B 

6604.  06 

C 

6436.40 

A 
B 
B 
B 
B 

6525.33 

B 

6605.  37 

B 

6438.  16 

6526. 15 

B 

6606.  33 

B 

6439.  95 

6527.  03 

B 

6606.  87 

B 

6440.45 

6527.85 

B 

6608.  31 

E 

6441.  02 

6528. 76 

B 

6609.  72 

B 

6442.  03 

I 

6529. 42 

B 

6611.13 

C 

6445.22 

£ 

6530. 17 

B 

6612.  06 

A 

6446.16 

B 

6530. 70 

1 1 

A 

6613.  20 

B 

6447.10 

<i 

E 

6530.  98 

<l 

E 

6614.38 

B 

6448.00 

<i 

B        1 

6531.  80 

B 

6615.53 

B 
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XI.  A. 

Notes 

Probable 
error 

XI.  A. 

Notes 

Probable 
error 

XI.  A. 

Notes 

Probable 
error 

6616.30 

Ib.d? 

C 

6713. 42 

lb,  V 

B 

6856. 53 

B 

6617.81 

C 

6716.  41 

B 

5857.  05 

B 

6618. 84 

<1 

E 

6720.  32 

B 

5863.  05 

C 

6622.98 

B 

6721.  53 

C 

6865.  58 

<1 

E 

6623.72 

1 

C 

6722.  36 

C 

6857.  IS 

<ib 

E 

6624.39 

B 

6725.  46 

iv 

B 

6867.  98 

B 

6626.03 

B 

5726.  52 

B 

686S.  94 

B 

6626.50 

B 

6728.  25 

<1 

E 

6869.  56 

C 

6627.50 

11 

C 

6728.  69 

A 

6871.  07 

<l 

E 

6628.88 

A 

6729.  55 

A 

6871.  75 

<l 

E 

6633.32 

B 

6730.  06 

<1I 

E 

6872.  12 

<l 

E 

6634.  78 

C 

6733.  21 

A 

6873.  41 

B 

6636.  06 

B 

6735.  56 

B 

5873.  86 

B 

6636.  92 

B 

6735.  79 

<1 

E 

6875.  43 

C 

6637.  32 

B 

6743.  48 

<1 

E 

5875.  97 

c 

6641. 13 

B 

6744.  03 

<1 

E 

6878.  26 

B 

6643. IS 

B 

5744.  70 

B 

6880. 18 

C 

6645.01 

C 

6746.  89 

B 

6882  49 

<1 

E 

6646. 77 

B 

6749.  44 

B 

6883.  41 

<l 

E 

6647.38 

B 

6750.  20 

E 

6885.  56 

lb 

B 

6649. 32 

<lb,  1 

E 

6755.  08 

B 

6885.  33 

E 

6650.87 

B 

6757. 12 

C 

6887.  71 

B 

6651. 40 

B 

6761.  17 

<1 

E 

6892.  29 

6652. 75 

A 

5764.  40 

C 

6893.  64 

2 

C 

6653. 00 

E 

6766.  92 

<1 

E 

6894. 55 

2 

C 

6653. 56 

C 

5757.  55 

C 

6898.  48 

2 

B 

6654. 29 

C 

5759.  29 

B 

6899.07 

2 

B 

6654. 81 

c 

6769.  72 

C 

6901.50 

<1 

E 

6655. 47 

B 

6770.  15 

1 

C 

6902. 10 

B 

6655.98 

<1 

E 

5771. 12 

<1 

E 

6903. U 

B 

6656.96 

lb 

E 

5773.  33 

<1 

E 

6903.  51 

E 

6657. 71 

B 

5774.  25 

A 

6904. 56 

11 

C 

6658.  55 

B 

6775.  57 

ICu? 

C 

6907.  83 

B 

6659. 13 

<1 

E 

677S.  23 

B 

6909.31 

B 

6660. 00 

B 

6780.  15 

B 

6910. 51 

<1 

E 

6661.41 

A 

6780.  72 

C 

6911. 35 

IK? 

B 

6662.  55 

B 

5785.  06 

<1 

E 

6912. 24 

C 

6663.  72 

<1 

E 

6789.  90 

B 

6914. 18 

<1 

E 

6665. 65 

2b.  I 

B 

6791.  36 

C 

6914. 77 

B 

6665.94 

E 

6792.  61 

C 

6916.27 

E 

6666. 57 

B 

6793.  81 

C 

6919.  27 

B 

6670.  63 

B 

6794.  68 

C 

6921. 14 

E 

6675.  53 

A 

5795.  46 

C 

6924. 77 

A 

6676.  71 

<1 

E 

5801.  75 

c 

6927.32 

B 

6677. 32 

B 

5803.  20 

^ 

6928.02 

B 

6679.84 

A 

5806.  10 

E 

6931.31 

B 

6683. 55 

C 

5807.  83 

B 

6932. 12 

B 

6684. 83 

<1 

B 

5808.  89 

B 

6933. 32 

E 

6685.  30 

<1 

E 

5811.  72 

C 

6933.  64 

E 

6685.  70 

<1 

E 

6812.  99 

<1 

E 

6934.02 

E 

6686. 59 

B 

6815.  29 

C 

5939.40 

B 

6687.  34 

E 

6818.  20 

B 

6941.97 

lb 

C 

6688.  74 

<1 

E 

6826.  43 

C 

5943.04 

<1 

E 

6689.  25 

<1 

E 

6829.  37 

B 

5943. 50 

E 

6689. 71 

1 

B 

5829.  75 

B 

5944.37 

lb 

B 

6690.96 

<lb 

E 

6833.  37 

<1 

E 

6946. 76 

lb,  V 

C 

6691.93 

<lb 

C 

5834.  21 

C 

5948. 29 

<lli 

E 

6692. 59 

B 

5839.  98 

E 

6948. 72 

Ih 

E 

6694.  35 

B 

5844.  43 

lb 

E 

6949. 57 

lb 

E 

6696. 16 

lb,  1 

B 

5846.  78 

E 

6953. 18 

B 

6700. 67 

A 

6847.  27 

E 

6953. 54 

E 

6704.  38 

3d 

A 

6848.  76 

<1 

E 

5954.70 

B 

6706.  03 

A 

6849.  21 

B 

6955. 28 

B 

6708.  07 

B 

6850.  77 

C 

6956. 28 

B 

6710. 16 

B 

6853.  61 

B 

6957.21 

B 

334  Scientific  Papers  of  the  Bureau  of  Standards 

TABLE  3. — Arc  Spectrum  of  Cerium — Continued 


[Vol.  17 


XI.  A. 

Notes 

Probable 

XI.  A. 

Notes 

Probable 
error 

X,... 

Notes 

Probable 
error 

6957.  75 

1 

B 

7132.  08 

1 

C 

7397.  76 

2 

A 

6959. 11 

1 

C 

7136.  05 

<1 

E 

7401.  21 

Ib.n? 

B 

6959. 68 

1 

C 

7141.  40 

2 

B 

7414.  85 

<1 

E 

6960.  69 

2 

B 

7141.  71 

1 

B 

7417.  93 

B 

6963. 08 

1 

E 

7150.  20 

2 

B 

7424.  84 

lb,n? 

C 

6963.  54 

1 

E 

7151.66 

2 

B 

7433.  04 

1 

C 

6966. 32 

1 

B 

7155.  20 

1 

B 

7438.  55 

<1 

E 

6968.  70 

1 

E 

7156.  96 

2 

B 

7440.  45 

<1 

E 

6969  15 

<ib 

E 

7162.  40 

<1 

E 

7444.  45 

1 

C 

6970.  40 

1 

C 

7163.  77 

<1 

E 

7462.  29 

<1 

E 

6972.33 

1 

B 

7166.  04 

<1 

E 

7472.  39 

<1 

E 

6973.48 

2 

B 

7166.  71 

<ld 

E 

7485.  53 

<1 

E 

6981. 24 

lb,l 

B 

7167.  43 

<1 

E 

7500.  68 

E 

6981.99 

<lb 

E 

7167.  88 

<1 

E 

7506.  46 

<1 

E 

6983. 77 

1 

B 

7170. 12 

<1 

E 

7508. 12 

<1 

E 

6985. 98 

2 

A 

7174.  95 

1 

B 

7509.  43 

lb 

B 

6991.48 

1 

B 

7177.  43 

B 

7509.  75 

1 

E 

6992.  50 

<1 

E 

7182.  26 

1 

B 

7511.  36 

<1 

E 

6993. 10 

<1 

E 

7186.  18 

<1 

E 

7527.  58 

ib.d? 

E 

2 

B 

7189.  40 

11,  n? 

B 

7528.  85 

<l 

E 

7001.56 

<1 

E 

7191.  70 

1 

B 

7539.  53 

<I 

E 

7003. 18 

<1 

E 

7196.  73 

<1 

E 

7540. 54 

<ln? 

E 

7004.  85 

<1 

E 

7201.  51 

1 

B 

7541.24 

<1 

E 

7006. 52 

<1 

E 

7201.  86 

2 

B 

7551.25 

in? 

B 

7009. 16 

<1 

E 

7203.  58 

B 

7556.  63 

<lb 

E 

7009.86 

<1 

E 

7205.  23 

1 

B 

7562.  47 

1 

B 

7010.  59 

1 

C 

7208.  09 

1 

B 

7562.92 

ll.n? 

B 

7013.  33 

1 

C 

7210.  66 

1 

C 

7563.  52 

1 

c 

7014.36 

<1 

E 

7213.  95 

1 

C 

7615.05 

1 

B 

7014.  71 

1 

B 

7217.  34 

2 

B 

7645. 07 

1 

C 

7017.18 

1 

B 

7231.  20 

1 

B 

7653.  37 

<1 

E 

7017. 72 

<1 

E 

7232.  44 

<1 

E 

7670.  89 

2 

C 

7018. 73 

1 

B 

7232.  95 

1 

B 

7671. 19 

<1 

E 

7024.  70 

<1 

E 

7233.  95 

1 

B 

7678. 11 

1 

C 

7028.72 

1 

B 

7235.  70 

2n 

B 

7682. 47 

2 

C 

7029.90 

1 

B 

7238.  37 

2 

B 

7689. 13 

2 

A 

7030. 96 

2 

B 

7241.  69 

2n 

B 

7702.  85 

1 

C 

7040. 75 

1 

C 

7252.  72 

2 

B 

7724.  70 

<1 

5 

7049. 60 

1 

B 

7257.  58 

<lp? 

E 

7732.  32 

2 

c 

7052.  93 

<1 

E 

7259.  38 

<lp? 

E 

7748. 35 

1 

B 

7054. 41 

1 

C 

7262.  63 

IP? 

B 

7797. 73 

2 

C 

7057.  85 

1 

B 

7275.  57 

ip? 

E 

7835. 81 

2 

B 

7058. 56 

1 

C 

7277.  92 

In 

B 

7842.  57 

2 

B 

7059.  91 

1 

C 

7279.  93 

Ip? 

B 

7844.  92 

2 

B 

7061.69 

3 

B 

7287. 10 

IP? 

E 

7850.  00 

1 

A 

7064.  41 

1 

B 

7288  03 

Ip? 

E 

7851.25 

2 

B 

7065.68 

1 

B 

7296:  15 

<1 

E 

7857. 50 

1 
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IV.  SUMMARY 

The  yellow,  red,  and  infra-red  regions  of  the  arc  spectra  of 
yttrium,  lanthanum,  and  cerium  have  been  photographed  with 
various  concave  gratings  in  the  spectrograph  of  the  Bureau  of 
Standards.  Plates  specially  sensitized  with  the  dyes  pinacyanol, 
kryptocyanin,  and  dicyanin  were  used  for  making  the  spectro- 
grams. Two  sets  of  materials  were  burned  in  copper  or  graphite 
arcs  to  furnish  the  luminous  sources  studied.  These  consisted  of 
the  chlorides  of  yttrium  and  lanthanum  and  the  nitrate  of  cerium 
obtained  from  Eimer  and  Amend ;  and  the  oxalates  of  yttrium  and 
lanthanum  and  the  oxide  of  cerium  obtained  from  the  chemical 
laboratory  of  the  University  of  Illinois,  where  they  were  prepared 
under  the  direction  of  Prof.  B.  S.  Hopkins.  The  tables  contain  a 
total  of  about  2300  wave  lengths,  many  of  which  are  heads  of 
bands.  In  yttrium  about  175  lines  were  measured  from  5003  A 
to  7882  A  where  the  spectrum  seems  to  end  abruptly.     In  Ian- 
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thanum  about  400  lines  were  measured  between  5501  A  and 
9079  A;  and  in  cerium  1700  lines  M^ere  measured  between  5500  A 
and  9025  A. 

To  F.  J.  Stimson  and  Mr.  Myers  credit  is  due  for  assistance 
in  the  securing  and  reduction  of  many  of  the  spectrograms,  to 
Prof.  B.  S.  Hopkins,  of  the  University  of  Illinois,  for  the  generous 
samples  of  materials  used  in  the  work,  and  to  Prof.  J.  S.  Ames, 
of  Johns  Hopkins  University,  for  the  loan  of  the  several  gratings 
with  which  some  of  the  work  was  done. 


PART  II.— THE  PREPARATION  OF  PURE  RARE  EARTH 
ELEMENTS 

By  B.  S.  Hopkins  and  H.  C.  Kremers 


ABSTRACT 

At  the  University  of  Illinois  compounds  of  Ce,  Sa,  La,  Nd,  and  Gd  were  extracted 
from  sodium  rare-earth  sulphate,  donated  by  the  Welsbach  Co.;  and  compounds  of 
yttrium,  dysprosium,  and  erbium  were  extracted  from  gadolinite  obtained  from 
Norway  and  Texas,  and  from  an  oxalate  prepared  from  xenotime. 

Cerium  was  removed  from  the  Welsbach  residues  by  boiling  the  neutral  solution 
with  potassium  bromate  to  precipitate  basic  eerie  nitrate.  After  removal  of  Ce,  Sa 
was  concentrated  at  the  soluble  end  of  a  magnesium  double  nitrate  series  of  fractional 
crystallizations,  and  La  at  the  insoluble  end  of  the  series,  the  middle  fractions  of  the 
series  being  used  in  the  preparation  of  Nd.  Gd  was  obtained  from  the  fractions  at 
the  soluble  end  of  the  series,  Sa  being  nearly  all  removed  by  adding  bismuth  mag- 
nesium nitrate. 

The  yttrium-group  material  was  first  freed  from  the  cerium-group  elements.  It  was 
then  converted  to  bromate  and  subjected  to  a  long  series  of  fractional  crystallizations. 
From  the  various  bromate  fractions,  Y,  Dy,  and  Er  were  prepared,  respectively.  Y 
probably  contained  not  more  than  0.005  P^  cent  Ho  and  was  reasonably  free  from 
other  earths.  The  best  samples  of  Dy  contained  some  Tb  and  Ho;  and  the  best  Er 
fractions  contained  considerable  Y  and  probable  small  amoimts  of  other  rare  earths. 


I.  INTRODUCTION 

The  work  upon  the  rare  earths  which  has  been  in  progress  for 
several  years  at  the  University  of  IlHnois  has  been  concerned  with 
both  the  cerium-group  and  )rttrimn-group  elements .  Of  the  cerium- 
group  elements,  compounds  of  samarium,  lanthanum,  neodymium, 
cerium,  and  gadolinium  have  been  furnished  to  the  Bureau  of 
Standards  for  the  accurate  measurement  of  spectrum  lines.  These 
materials  were  practically  all  derived  from  the  same  source,  which 
was  a  shipment  of  182  kg  of  sodium  cerium-group  sulphates 
obtained  through  the  courtesy  of  the  Welsbach  Co.,  of  Gloucester, 
N.  J.,  and  its  chief  chemist.  Dr.  H.  S.  Miner.  The  early  steps  in 
the  purification  of  compounds  of  these  elements  are  identical,  and 
consequently  the  process  is  described  under  the  first  elements, 
cerium  and  samariiun,  and  the  description  for  the  other  elements 
is  taken  up  where  each  is  separated  from  the  general  process. 

The  materials  from  the  yttrium  group  include  compounds  of 
yttrium,  erbium,  dysprosium,  and  gadolinium.     The  sources  of 
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the  material  were  10  kg  of  gadolinite  which  came  from  Norway 
and  55  kg  of  rare  earth  oxalates  which  had  been  prepared  from 
xenotime  and  purchased  from  Drossbach  &  Co.,  Freiburg,  Saxony. 
Later  100  kg  of  gadolinite  were  obtained  from  the  deposit  at 
Barringer  Hill,  Tex.  The  first  steps  in  the  purification  of  these 
materials  are  identical,  since  the  elements  of  this  group  resemble 
one  another  closely  in  properties.  When,  however,  the  material 
was  treated  for  some  time  by  the  method  of  fractional  crystalliza- 
tion, separations  began  to  appear,  and  each  element  was  in  turn 
separated  from  the  general  process.  Accordingly,  in  this  descrip- 
tion the  treatment  of  the  ore  and  the  first  steps  in  the  separation 
are  explained  under  yttrium,  while  the  discussion  of  the  other 
elements  is  taken  up  at  the  point  where  each  was  removed  from 
the  general  process. 

II.  THE  CERIUM  GROUP 

1.  CERIUM  '3 

The  rare  earth  residues  obtained  from  the  Welsbach  Co.  were 
chiefly  ihe  sodium  double  sulphates  of  lanthanum,  praseodymium, 
neodymium,  samarimn,  gadolinium,  and  cerium,  with  small 
amounts  of  europium  and  the  yttrium- group  elements.  These 
double  sulphates  were  boiled  for  a  few  hours  with  a  50  per  cent 
soditun  hydroxide  solution  until  they  were  completely  disinte- 
grated. The  mass  was  diluted  and  the  resulting  hydroxides 
filtered  and  washed  with  boiling  water  until  free  from  sulphates. 
The  hydroxides  were  r'issolved  in  nitric  acid,  and  the  rare  earths 
precipitated  from  hot  solution  by  oxalic  acid.  After  a  thorough 
washing  on  a  Biichner  funnel  with  hot  water,  the  oxalates  were 
drained  as  dry  as  possible  and  dissolved  in  pure  nitric  acid.  The 
resulting  nearly  neutral  solution  was  heated  to  boiling  and  potas- 
sium bromate  added  in  10  g  portions  as  proposed  by  James  and 
Pratt.'*  When  the  liberated  acid  became  strong  enough  to  set 
free  the  fumes  of  bromine,  lumps  of  marble  were  added  to  keep 
the  solution  neutral.  Then  the  solution  was  boiled  until  the 
ceriimi  present  was  thrown  down  as  the  deep  yellow,  insoluble 
basic  eerie  nitrate.  This  operation  was  continued  until  all  but 
about  I  per  cent  of  the  cerium  had  been  removed.  This  point 
is  determined  roughly  by  the  intensity  of  the  color  of  the  pre- 
cipitate formed  in  the  hydrogen  peroxide  test  for  cerium  and  also 

"  This  work  was  carried  out  in  conjunction  with  Dr.  Edward  Wichers. 
'<  J.  Am.  Cheni.  Soc,  33,  p.  1326;  19U. 
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by  the  fact  that  the  last  portions  of  cerium  are  thrown  down 
very  slowly  by  this  treatment. 

In  this  manner  almost  chemically  pure  cerium  was  separated. 
About  I  per  cent  was  left  in  the  solution  because  if  an  attempt 
had  been  made  to  precipitate  the  last  of  the  cerium  in  the  same 
manner  it  would  have  been  contaminated  by  other  rare  earths. 

The  basic  eerie  nitrate  was  filtered  off  and  washed  thoroughly 
with  a  5  per  cent  solution  of  ammonium  nitrate,  which  prevented 
the  precipitate  from  becoming  colloidal.  The  cerium  material 
was  then  dissolved  in  nitric  acid  with  the  aid  of  a  little  alcohol 
and  again  precipitated  as  the  basic  eerie  nitrate  in  the  same  man- 
ner as  before.  After  another  thorough  washing  the  material 
was  once  more  converted  to  the  nitrate.  A  20  cm  layer  of  this 
solution  showed  no  absorption  lines,  when  viewed  with  a  spec- 
troscope. 

The  final  purification  consisted  in  precipitation  of  the  oxalate 

in  the  presence  of  free  nitric  acid,  followed  by  a  thorough  washing 

of  the  precipitate.     This  process  was  repeated  twice  more  and 

finally  the  oxalate  was  converted  to  the  oxide  by  ignition  in 

platinum. 

2.  SAMARIUM  »6 

The  solution  from  which  most  of  the  cerium  material  had  been 
removed,  as  just  described,  was  boiled  still  further  to  remove  the 
last  traces  of  cerium,  an  excess  of  marble  being  present  to  keep  the 
solution  neutral.  In  this  manner  all  the  remaining  cerium  and 
a  small  amount  of  the  other  rare  earths  were  thrown  down.  The 
boiling  was  continued  until  a  small  filtered  portion  of  the  solution 
failed  to  respond  to  the  hydrogen  peroxide  test  for  cerium.  When 
this  point  was  reached,  the  residue,  which  consisted  of  a  mixture 
of  marble  and  eerie  basic  nitrates  intermingled  with  some  of  the 
other  rare  earths,  was  filtered  off.  Then  the  remaining  rare  earths 
were  precipitated  from  a  boiling  solution  by  hot  oxalic  acid 
solution.  The  precipitated  rare  earth  oxalates  were  washed 
thoroughly  first  by  decantation  and  then  on  a  large  Biichner  funnel. 
The  oxalates  were  dried  in  an  air  bath  and  ignited  in  an  electric 
furnace  and  the  resultant  oxides  dissolved  in  nitric  acid.  A 
quantity  of  nitric  acid  equal  to  that  used  in  the  solution  of  the 
rare  earth  oxides  was  neutralized  by  adding  magnesium  oxide. 
The  two  nitrate  solutions  were  then  filtered,  mixed,  and  evapo- 
rated imtil  crystals  of  the  magnesium  rare  earth  nitrate  began  to 


"  The  samarium  material  was  prepared  by  Dr.  A.  W.  Owens,  lonnerly  ot  the  Bureau  o(  Standards 
while  he  was  a  student  at  the  University  of  Illinois. 
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form  on  the  surface.  To  prevent  the  formation  of  a  crust  on  the 
surface  as  the  solution  cooled,  a  layer  of  water  was  added  care- 
fully and  the  dish  left  undisturbed  for  24  hours.  At  the  end  of 
this  time  the  solution  was  thoroughly  drained  off  from  the  crystals 
and  both  crystals  and  mother  liquor  put  through  the  process  of 
fractional  crystallization.  Whenever  the  solution  at  the  insoluble 
end  no  longer  showed  in  the  spectnmi  the  absorption  lines  of 
neodymium,  this  dish  was  set  out  of  the  series  and  reserved  for 
work  on  lanthanum  and  praseodymium.  When  the  soluble  end 
began  to  crystallize  poorly,  this  portion  was  diluted,  filtered,  and 
the  rare  earths  separated  from  other  soluble  salts  by  precipitation 
with  oxalic  acid.  The  fractionation  was  continued  as  long  as 
samarium  continued  to  appear  at  the  soluble  end. 

When  it  became  evident  that  the  samarium  had  all  been  removed 
from  the  series,  the  oxalates  from  the  soluble  end  were  ignited 
and  again  converted  into  the  magnesium  rare  earth  nitrate  by 
the  method  already  described.  The  second  fractionation  was 
carried  out  in  the  same  manner  as  before  with  the  object  of  more 
completely  separating  samarium  and  neodymium.  When  the 
absorption  bands  of  neodymium  disappeared  from  any  fraction 
at  the  soluble  end  it  was  set  out  of  the  series  and  the  samarium 
precipitated  by  oxalic  acid.  When  the  samarium  lines  dis- 
appeared from  any  fraction  at  the  insoluble  end  it  was  set  out 
for  the  preparation  of  pure  neodymium  material. 

The  samarium  oxalate,  prepared  as  stated,  contained  appre- 
ciable amounts  of  gadolinium,  some  europiimi,  and  most  of  the 
yttrimn  group  earths  contained  in  the  original  monazite  residues. 
To  free  the  samarium  from  the  yttritun-group  elements  the  method 
of  fractional  crystallization  of  the  magnesium  double  nitrate  in 
30  per  cent  nitric  acid  was  used.  After  1 80  fractionations  in  this 
manner  it  was  fotmd  that  practically  all  the  yttrium  earths  had 
been  removed.  Double  magnesium  bismuth  nitrate  was  then 
added  at  the  soluble  end  of  the  series,  as  first  proposed  by  Urbain 
and  Lacomb.^"  The  fractionation  was  now  continued  in  the 
same  manner  as  formerly,  with  the  samarium  coming  out  at  the 
insoluble  end,  with  the  bismuth  salt  next,  and  the  europium  and 
gadolinium  following  in  order  at  the  soluble  end.  As  the  frac- 
tionation continued  the  concentration  of  the  nitric  acid  solvent 
increased  to  50  per  cent  or  more,  which  probably  aided  the  com- 
plete isolation  of  samarium.  After  35  fractionations  in  this 
manner,  the  material  at  the  insoluble  end  was  thought  to  be  pure 

"C  R.,  187,  p.  793;  1903. 
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samarium,  since  no  absorption  lines  other  than  samarium  had 
been  visible  for  some  time.  Accordingly  atomic  weight  determi- 
nations, using  the  oxide  to  chloride  ratio,  were  run  on  6  fractions, 
as  follows : 

Fraction  No.  Atomic  weight 

9 155-35 

10 154-  32 

II 152-64 

12 153-06 

13 152.  60 

14 153-  81 

The  lack  of  uniformity  in  the  results  and  the  high  values  were 
interpreted  as  indicating  considerable  variations  in  the  composi- 
tion of  the  fractions.  Accordingly  the  fractionation  was  con- 
tinued through  150  additional  crystallizations,  and  then  the 
atomic  weights  of  fractions  32  to  43  determined  by  the  same  ratio. 
The  values  obtained  in  this  second  series  were  somewhat  lower 
than  in  the  first,  but  again  there  was  a  discovuaging  lack  of  checks 
upon  duplicate  analyses.  Several  considerations  pointed  to  the 
fact  that  the  oxide-chloride  ratio  was  at  fault.  When  the  same 
material  was  used  in  determining  the  atomic  weight  by  the 
chloride-silver  ratio  splendid  results  were  obtained,  showing  that 
the  material  was  uniform  in  composition  and  free  from  other 
salts.  Eighteen  successful  determinations  made  on  material 
taken  from  14  different  fractions  gave  extreme  values  varying 
between  150.49  and  150.40,  with  a  mean  of  150.43,  which  agrees 
with  the  accepted  value  150.4. 

The  material  sent  to  the  Bureau  of  Standards  was  taken  from 
these  purest  fractions,  the  final  purification  being  accomplished 
by  alternate  precipitations  as  hydroxide  and  oxalate. 

3.  LANTHANUM  »^ 
Those  fractions  of  the  magnesium  double  nitrate  crystallization 
which  were  set  out  at  the  insoluble  end  of  the  series,  as  explained 
in  the  preceding  discussion,  contained  lanthammi  with  small 
amounts  of  praseodymium.  These  lanthanum-rich  fractions  were 
then  removed  and  converted  into  the  double  ammonium  nitrates 
and  given  a  long  series  of  recrystallizations.  Lanthanum  can  best 
be  separated  from  small  amounts  of  praseodymium  by  means  of 
the  double  ammonium  nitrates.  Since  praseodymium,  with  possi- 
ble small  amounts  of  neodymium,  would  be  the  only  other  rare 
earths  present  here,  a  simple  absorption  spectrum  analysis  of  the 

1'  The  preliminary  part  of  the  fractionation  of  the  double  maenesium  nitrates  was  carried  out  by  Dr.  E. 
Wichers  and  the  fractionation  of  the  double  ammonium  nitrates  was  carried  out  by  Dr.  E.  W.  Engle. 
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solution  would  indicate  the  purity  of  the  lanthanum.  The  purest 
lanthanum  thus  obtained  showed  no  absorbtion  bands  when  ob- 
served through  a  10  cm  layer  of  the  concentrated  solution.  The 
final  purification  of  the  lanthanum  material  was  accomplished  by 
precipitation  from  hot  solution  with  oxalic  acid  in  the  presence  of 
free  nitric  acid;  the  precipitate  was  thoroughly  washed,  dried, 
ignited,  and  redissolved  in  nitric  acid.  This  process  was  repeated 
twice  more,  the  final  treatment  stopping  with  the  oxalate,  which 
was  the  material  supplied  for  spectrum  work. 

4.  NEODYMIUM  >« 

The  fractionation  of  the  neodymium-rich  portion  of  the  double 
magnesium  nitrate  series  from  which  the  lanthanum  had  been 
obtained  as  described  above  was  continued  for  some  time.  Since 
neodymium  is  more  abundant  than  any  other  earth  of  this  group, 
after  the  separation  of  cerium,  the  problem  of  obtaining  relatively 
large  quantities  of  neodymium  of  high  purity  is  not  difficult.  The 
concentration  of  neodymium  in  the  fractionation  of  the  double 
magnesium  nitrates  is  more  rapid  than  that  of  any  other  earth 
whose  isolation  is  effected  by  fractional  crj^stallization  methods. 
Thus  if  the  fractionation  of  a  series  of  high-grade  neodymium 
material  of  several  kilograms  in  weight  is  continued  for  a  consid- 
erable length  of  time — e.  g.,  some  hundreds  of  fractionations — the 
middle  fractions  will  consist  of  very  pure  material.  All  of  the 
lanthanum  and  smaller  amovmts  of  praseodymium  together  with  a 
high  per  cent  of  neodymimn  concentrate  toward  the  least  soluble 
end.  The  more  soluble  end  will  consist  of  a  high  per  cent  of 
neodymium  of  course,  with  the  remainder  composed  mostly  of 
samaritun  plus  very  small  traces  of  gadolinium  and  europium.  As 
fractionation  continued  in  the  above  series  the  end  fractions  were 
removed  from  time  to  time.  When  it  became  apparent  that  no 
further  concentration  of  the  middle  fractions  took  place  the  frac- 
tionation was  discontinued.  The  oxide  was  prepared  by  the  same 
method  as  that  described  imder  cerium  and  lanthanum. 

5.  GADOLINIUM 

In  the  separation  of  the  yttrium  and  ceriimi  groups  with  either 
potassium  or  sodivmi  sulphate,  the  terbium  group  of  earths  will 
be  divided  between  the  two  groups.  From  this  condition  it  fol- 
lows that  either  or  both  the  cerium  or  yttrium  group  may  be  taken 
as  the  source  of  gadoliniimi  material.     The  gadolinium  oxide 

'•  The  fractionation  o(  the  ncodymium-rich  material  was  carried  out  by  Dr.  E.  W.  Enele. 
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supplied  to  the  Bureau  of  Standards  was  obtained  from  the 
ceriirm  group.  The  raw  material  originally  came  from  the  Wels- 
bach  Co.  as  previously  described. 

In  the  fractionation  of  the  double  magnesium  nitrates  of  the 
cerium  group  the  increasing  solubility  of  the  earths  is  as  follows: 
Lanthamun,  praseodymium,  neodymium,  samarimn,  europiimi, 
gadolinium,  and  terbium.  The  more  soluble  end  of  this  series 
which  very  frequently  does  not  crystallize  well  will  contain  mostly 
samarium,  europium,  gadolinium,  and  terbium.  The  soluble  end 
of  a  large  double  magnesium  nitrate  series  was  mixed  with  bis- 
muth nitrate  and  subjected  to  a  long  series  of  recrystallizations 
by  other  workers  in  this  laboratory.  The  purpose  in  mind  was 
the  removal  of  the  samarium  at  the  insoluble  end  and  the  concen- 
tration of  the  gadolinium  at  the  soluble  end  of  the  series.  This 
separation  was  made  completely  by  taking  advantage  of  the  fact 
that  bismuth-magnesium  nitrate  is  isomorphous  with  the  mag- 
nesium rare  earth  nitrates  and  intermediate  in  solubility  between 
samarium  on  the  one  hand  and  gadolinium  on  the  other.  The 
fractions  obtained  at  the  soluble  end  showed  a  high  concentration 
of  gadolinium.  This  material  formed  the  basis  for  the  work  on 
gadolinium  by  Jordan  and  Hopkins."  These  authors  removed 
the  bismuth  and  magnesium  from  this  material  in  the  regular 
way  and  subjected  the  oxide  to  a  few  precipitations  with  oxalic 
acid.  The  atomic  weight  of  this  oxide  as  determined  by  the  per- 
manganate method  of  Gibbs  was  157.20,  This  value  seemed  to 
indicate  very  pure  gadolinium.  This  material  did,  however, 
show  some  samarium  absorption  lines  and  the  color  of  the  oxide 
indicated  some  terbiiun.  Since  the  atomic  weight  of  samariimi 
is  150.4  and  terbium  159.2,  these  two  values  would  neutralize 
each  other.  Bettendorf  ^°  discovered  that  if  gadolinium  oxide 
containing  small  amotmts  of  terbimn  oxide  was  gently  heated  in 
hydrogen  a  pure  white  oxide  resulted,  and  when  again  heated  in 
air  the  oxide  turned  brown.  The  present  authors  found  this  to 
be  the  case  with  respect  to  the  material  at  hand.  This  was  then 
high-grade  gadolinium  with  small  amoxmts  of  samarium  and 
terbium  and  perhaps  traces  of  europium. 

The  usual  methods  of  pvuification  for  the  preparation  of  the 
oxide  were  used;  that  is,  the  complete  removal  of  traces  of  bis- 
muth with  hydrogen  sulphide  and  several  alternate  precipitations 
with  freshly  prepared  ammonia  and  recrystallized  oxalic  acid. 

'»J.  Am.  Chcm.  Soc..89,  p.  2614;  1917- 
»  Aun.  Chcm.  Licbig..  2C;J,  p.  167;  1891. 
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III.  THE  YTTRIUM  GROUP 
1.  YTTRIUM  2' 

The  gadolinite  was  pulverized  in  a  ball  mill,  treated  with  an 
excess  of  HCl  to  which  a  little  HNO3  was  added  occasionally. 
After  complete  decomposition  the  silica  was  dehydrated  and 
filtered  off,  then  the  rare-earth  material  was  precipitated  from  a 
slightly  acid  solution  with  oxalic  acid,  both  solutions  being  hot. 
The  rare  earth  oxalate  prepared  in  this  way  was  mixed  with  the 
purchased  oxalate  derived  from  xenotime.  The  dry  oxalates 
were  converted  to  anhydrous  sulphates  by  mixing  with  enough 
concentrated  sulphuric  acid  to  form  a  thick  paste  and  then  heating 
till  fumes  were  no  longer  given  oflf.  The  sulphates  were  dissolved 
in  ice  water  and  solid  sodium  sulphate  sifted  in,  the  solution  being 
stirred  continuously.  The  addition  of  sodium  sulphate  was 
continued  until  a  3 -inch  layer  of  the  solution  did  not  show  the 
absorption  lines  of  neodymium,  when  it  was  assumed  that  the 
relatively  small  per  cent  of  the  cerium  group  elements  present 
was  nearly  all  precipitated.  The  solid  cerium-group  sodium 
sulphates  were  filtered  off  and  set  aside,  the  solution  containing 
the  more  soluble  yttrium-group  sodium  sulphates  was  first  treated 
with  ammonium  hydroxide  and  the  precipitated  hydroxides 
were  washed  very  thoroughly  to  remove  the  sodium  salts.  The 
hydroxides  were  dissolved  in  hydrochloric  acid  and  precipitated 
from  hot  solution  by  oxalic  acid. 

The  first  method  of  fractionation  used  was  the  method  of 
fractional  crystallization  of  the  bromates  as  proposed  by  James.*' 
The  bromates  were  prepared  by  adding  to  a  solution  of  the  rare- 
earth  sulphates  a  hot  solution  of  barium  bromate.  The  bromate 
solution  was  added  slowly,  the  solutions  being  thoroughly  agi- 
tated by  a  mechanical  stirring  device.  The  rare  earth  bromate 
solution  was  filtered  off  and  subjected  to  fractional  crystallization, 
the  progress  of  the  separation  being  observed  by  a  direct  vision 
spectroscope.  After  a  few  hundred  series  of  fractionations  had 
been  carried  out,  it  was  found  that  certain  portions  of  the  series 
showed  the  color  and  absorption  lines  characteristic  of  various 
members  of  the  group.  As  the  fractional  crystallization  of  the 
main  series  continued,  certain  portions,  showing  sufficient  con- 
centration of  the  individual  earths,  were  set  out  of  the  main 
series  forming  a  number  of  smaller  subseries,  whose  treatment  was 

^  The  preliminary  purification  of  yttrium  material  was  done  by  Dr.  J.  E.  Eean  and  other  workers. 
"J.  Am.  Chcm.  Sec,  80,  p.  i8a;  1908. 
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continued  for  the  purpose  of  further  purification  of  the  elements 
present. 

The  richest  yttrium  material  selected  from  the  fractional  crystal- 
lization of  the  bromates  was  precipitated  by  oxalic  acid,  ignited 
to  the  oxide  and  the  dry  oxide,  mixed  with  the  calculated  amount 
of  chromic  acid  in  an  8-liter  round-bottom  Jena  flask.  After 
thorough  mixing,  a  small  amoimt  of  water  was  added,  when  a 
violent  reaction  took  place.  Water  was  then  added  until  the 
flask  was  about  half  full,  then  a  10  per  cent  solution  of  potassium 
chromate  was  added  with  shaking,  until  a  faint  cloudiness  indi- 
cated that  a  permanent  precipitate  had  begun  to  form.  The 
material  was  then  heated  to  boiling  on  a  sand  bath,  a  lively  current 
of  steam  was  passed  into  the  solution  to  prevent  the  precipitate 
from  collecting  on  the  bottom  and  10  per  cent  solution  of  potassium 
chromate  was  added  drop  by  drop  from  a  separatory  funnel.  The 
amount  of  chromate  added  was  determined  by  the  size  of  the 
precipitate  desired.  After  adding  the  precipitant,  boiling  was 
continued  for  from  one  to  two  hours,  the  steam  and  burners  being 
so  regulated  that  the  volume  of  solution  remained  constant. 
Finally,  the  material  was  cooled,  the  precipitate  filtered  out,  dis- 
solved in  hydrochloric  acid,  a  few  cubic  centimeters  of  alcohol 
added  to  reduce  the  chromate,  and  the  rare  earth  precipitated 
with  oxalic  acid. 

The  chromate  method  of  fractional  precipitation  was  found  to 
be  efiicient  for  removing  from  the  yttrium  material  all  of  the  rare 
earths  present  except  erbium  and  holmium.  From  this  treatment 
nearly  400  g.  were  obtained,  with  an  average  atomic  weight  of  90.3, 
as  determined  by  the  oxide  to  sulphate  ratio.  The  absorption 
spectra  of  this  material  showed  considerable  holmium  and  erbium 
but  none  of  the  other  rare  earths. 

Piurification  by  fractional  precipitation  with  dilute  ammonia 
was  carried  out  on  two  series  of  salts.  One  was  obtained  from  the 
best  fractions  of  the  chromate  fractionation  (called  the  H  series) 
and  the  other  included  246  g  of  yttritun  oxalate  prepared  in  a 
similar  manner,  but  showing  no  holmivmi  lines  (called  the  B 
series) .  In  both  series  the  rare  earth  chlorides  were  dissolved 
in  water  and  diluted  largely.  Then  2  or  3  liters  of  ammonia  of 
approximately  o.oi  N  strength  were  added.  Under  these  condi- 
tions no  precipitate  appeared  when  the  solutions  were  first  mixed 
but  on  standing  several  hours  a  cloudiness  appeared  and  after  24 
hours  a  slight  precipitate  collected  in  the  bottom  of  the  flask. 
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After  the  precipitate  was  filtered  out  and  purified  the  filtrate  was 
evaporated  to  its  original  volume  and  the  process  repeated.  The 
H  series  was  fractionated  42  times  in  this  way  and  the  E  series  37 
times,  the  average  fraction  weighing  about  3.1  g.  The  fractions 
of  the  H  series  below  number  30  showed  a  constant  atomic  weight 
of  89.9,  with  holmium  lines  still  prominent,  but  very  little  erbium. 
The  E  series  shows  an  atomic  weight  of  88.7  in  the  fractions  below 
number  25,  the  lower  value  being  attributed  to  the  absence  of 
holmium,  which  the  ammonia  precipitation  does  not  remove 
efficiently.  The  low  atomic  weights  found  are  probably  due  to 
the  fact  that  the  values  were  obtained  by  a  method  which  gives 
lower  results  than  the  oxide  to  sulphate  ratio. 

The  purest  fractions  from  both  the  E  and  H  series  of  ammonia 
precipitations  were  further  purified  by  fractional  precipitation  with 
sodium  nitrite  following  in  general  the  method  of  Holden  and 
James  .^^  This  method  consists  in  adding  a  strong  solution  of 
sodium  nitrite  to  a  dilute  solution  of  rare  earth  material  which  has 
been  carefully  neutralized,  and  then  boiling  for  a  time,  usually 
about  one  hour.  It  was  foimd  that  the  purification  took  place 
somewhat  more  rapidly  if  the  rare  earth  solutions  were  sufficiently 
dilute  so  no  precipitate  formed  when  the  ammonia  was  added. 
On  boiling,  the  precipitate  appeared.  After  standing  some  hours, 
the  precipitate  was  filtered  out,  dissolved  in  nitric  acid  and  purified, 
while  the  mother  liquor  was  again  fractionated.  The  best  material 
from  the  H  ammonia  series  was  fractionated  as  the  N  series,  which 
was  split  into  8  fractions,  the  last  4  of  which  showed  an  entire 
absence  of  color,  while  the  first  4  fractions  showed  a  decreasing  pink 
color,  indicating  that  erbiiun  was  concentrated  in  the  first  pre- 
cipitates. Fractions  N3,  N^,  N5,  and  Ng  showed  a  constant  atomic 
weight  of  88.8  by  the  Gibbs  method,  while  fractions  N^  and  Ng  gave 
a  value  of  87.6.  In  spite  of  the  fact  that  N3  and  N^  showed  a  very 
faint  pink  tint,  it  was  concluded  that  fractions  N3,  N4,  N5,  and  N, 
were  presiunably  more  nearly  uniform  than  the  last  4  fractions. 

The  fall  in  atomic  weight  shown  at  Nj  was  thought  to  be  due 
to  the  presence  of  some  more  basic  material  such  as  scandimn  or 
sodium.  No  trace  of  scandium  was  revealed  by  test  with  a 
saturated  KjSO^  solution.  The  presence  of  sodium  in  these  last 
fractions  was  considered  probable  because  in  the  method  of  frac- 
tionation the  mother  liquor  becomes  heavily  loaded  with  sodium 
salts.     Accordingly  N^  and  Ng  were  very  thoroughly  purified  by 

"J.  Am.  Chem.  Soc,  36,  p.  1419;  1914. 
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alternate  precipitations  with  ammonia  and  oxalic  acid,  together 
with  two  precipitations  with  ammonium  sebacate.  In  spite  of 
these  steps  the  atomic  weight  of  fractions  N7  and  Ng  remained 
unchanged,  and  no  explanation  has  yet  been  made  for  this  peculiar 
fact.  To  prevent  the  possible  use  of  material  of  lower  atomic 
weight,  fractions  N7  and  Ng  were  set  aside  and  fractions  N3,  N4,  Ng, 
and  Ne  were  combined,  giving  106.2  g  of  material  of  average  atomic 
weight  of  88.87.  "l^liis  material  was  fractionated  again  by  the 
nitrite  method  as  series  O,  six  fractions  being  obtained.  The  first 
2  fractions  showed  the  concentration  of  the  erbium  in  the  faint  pink 
color  and  atomic  weights  89.18  and  89.42,  respectively.  Frac- 
tions O3,  O4,  O5,  and  Oe  were  white,  with  atomic  weights  from  88.69 
to  88.42. 

A  quantity  of  yttria  corresponding  to  37  g  of  the  oxide  was 
collected  from  the  best  fractions  of  the  E  ammonia  series.  This 
was  split  into  five  fractions  by  the  sodium  nitrite  method  forming 
series  R.  All  of  the  fractions  were  pure  white  and  showed  a  con- 
stant atomic  weight,  the  values  obtained  varying  between  88.58  and 
88.40,  which  is  only  slightly  more  than  the  probable  experimental 
error  of  the  Gibbs  method.  Both  these  fractions  and  the  O 
fractions  showed  very  faint  holmium  lines  when  viewed  through 
an  accurate  spectroscope  looking  through  a  5  cm  layer  of  concen- 
trated solution.  By  comparison  of  this  line  with  a  standard 
holmium  solution  it  was  estimated  that  the  amount  of  holmium 
present  could  not  exceed  0.005  per  cent. 

The  work  of  preparing  the  pure  yttria  was  performed  by  Egan 
and  Balke,^*  and  by  Hopkins  and  Balke.^^  Additional  details  are 
to  be  found  in  these  papers. 

Of  the  fractions  prepared  as  described,  Oj,  O.,,  Og,  R3,  R4,  and 
R5  were  used  for  the  determination  of  atomic  weight  as  described 
by  Hopkins  and  Balke.  Portions  of  the  same  material  were  used 
by  Kremers  and  Hopkins  ^*  for  the  determination  of  the  atomic 
weight  by  the  chloride  to  silver  ratio.  The  value  obtained  by 
the  latter  method,  89.33,  has  been  accepted  by  the  International 
Committee."  The  material  supplied  the  Bureau  of  Standards 
was  taken  from  the  mixed  04-e  fractions. 

"  J.  Am.  Chem.  Soc,  35,  p.  36s;  1913. 
"  J.  Am.  Clicra.  Soc,  38.  p.  2332;  1916. 
"J.  Am.  Chem.  Soc,  41,  p.  718;  1919. 
"J.  Am.  Chem.  Soc,  41,  p.  i88i;  1919. 


348  Scientific  Papers  of  the  Bureau  of  Standards  ivok  i? 

2.  DYSPROSIUM 

The  dysprosium  material  came  entirely  from  the  gadolinite 
and  xenotime  oxalate  previously  mentioned.  From  the  main 
series  of  bromate  fractions  there  were  set  out  subseries  C  and  D, 
as  described  by  Engle  and  Balke.^*  These  were  further  frac- 
tionated as  the  bromates  for  the  concentration  of  dysprosiimi. 
After  a  long  series  of  fractionation,  series  D  indicated  a  high 
concentration  of  dysprosium  collecting  toward  the  middle  frac- 
tions. Small  amounts  of  neodymium  and  praseodymium  had 
continually  collected  toward  the  less  soluble  end  and  were  removed 
from  time  to  time.  Likewise  the  fraction  showing  stronger 
holmium  bands  had  been  removed  from  the  more  soluble  end 
from  time  to  time.  Series  C,  which  was  composed  mostly  of 
dysprosium  and  holmium,  with  very  small  amounts  of  terbium 
and  other  earths,  after  a  long  series  of  fractionation  indicated  a 
concentration  of  high-grade  dysprosium  in  the  less  soluble  end. 

The  dysprosium-rich  material  from  series  D  was  then  converted 
into  a  nitrate  series.  Bismuth  nitrate  was  also  added  to  the 
nitrate  series  with  the  hope  that  in  the  course  of  the  fractionation 
the  bismuth  would  aid  the  separation  of  the  small  amounts  of 
terbium  from  the  dysprosium.  After  50  series  of  fractionations 
no  marked  separation  had  taken  place  and  the  series  was  con- 
verted to  the  ethyl  sulphates. 

The  oxides  obtained  by  Engle  and  Balke^*  from  the  simple 
nitrate  series  were  dissolved  in  the  calculated  amovuit  of  ethyl 
sulphuric  acid  which  was  0.63  normal.  The  neutral  solution  so 
obtained  was  warmed  gently  imder  diminished  pressure  until 
quite  concentrated  and  then  air  was  blown  over  the  surface  until 
crystals  began  to  form.  The  series  was  then  fractionated  in  the 
usual  manner,  using  absolute  alcohol  as  a  solvent,  since  the  ethyl 
sulphates  hydrolyze  badly  in  aqueous  solution,  especially  if  a 
trace  of  free  acid  is  present.  In  dissolving  the  crystals  it  was 
necessary  to  use  a  steam  bath  at  a  temperature  no  hotter  than 
the  hand  could  bear  with  comfort.  If  precautions  are  taken  to 
prevent  the  hydrolysis  of  the  ethyl  sulphates,  this  method  of 
fractionation  is  found  to  be  very  useful,  since  there  is  much  less 
tendency  to  form  supersaturated  solutions  than  in  a  bromate  or 
nitrate  series,  and  in  addition  the  separation  of  dysprosimn  is 
quite  satisfactory.  After  20  series  of  fractionation  as  the  ethyl 
sulphates,  series  D  indicated  that  practically  all  the  neodymium 

'»  J.  Am.  Chem.  Soc,  89,  p.  33;  1917- 

•»  For  detailed  description,  see  J.  Am.  Chem.  Soc,  39,  p.  53;  1917. 
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and  praseodymium  had  been  removed  at  the  least  soluble  end 
and  the  dysprosium-rich  fractions  contained  traces  of  terbium. 

The  dysprosium-rich  fractions  of  series  C  were  also  converted 
to  the  ethyl  sulphates  and  fractionated  for  some  time.  High- 
grade  dysprosium  material,  with  some  holmium  and  traces  of 
terbimn,  was  obtained  from  this  series.  At  this  point  all  fraction- 
ation of  the  dysprosium  material  was  discontinued  by  these 
workers  and  their  time  directed  toward  the  accurate  determina- 
tion of  the  atomic  weight  of  dysprosium. 

The  further  purification  of  this  dysprosium  material  was  later 
continued  as  published  by  Kremers,  Hopkins,  and  Engle.^°  Series 
C  as  left  by  the  former  workers  contained  a  fraction  of  i  per  cent 
of  terbium  with  slight  amounts  of  neodymium  and  praseodymium 
toward  the  less  soluble  end.  Holmium  was  contained  in  all  the 
fractions.  This  series  was  fractionated  65  times.  Practically  all 
of  the  neodymium  and  praseodymium  had  been  removed.  The 
color  of  the  oxide  indicated  slight  amounts  of  terbium  still  present. 
The  holmium  was  not  removed  by  this  method. 

Series  D  contained  besides  the  dysprosium  only  traces  of  ter- 
bium. After  60  series  of  fractionations  small  amounts  of  terbium 
still  remained,  although  a  considerable  amount  had  concentrated 
toward  the  least  soluble  end. 

The  dysprosium  oxide  was  prepared  as  follows:  The  alcoholic 
solution  of  the  ethyl  sulphates  was  diluted  with  water,  a  few  cubic 
centimeters  of  dilute  sulphuric  acid  added,  and  the  solution  heated 
to  boiling  and  filtered.  The  dysprosium  was  then  precipitated 
with  oxalic  acid.  Several  alternate  precipitations  with  ammonia 
and  oxalic  acid  were  given.  The  ammonia  precipitation  was  car- 
ried out  by  passing  ammonia  gas  over  the  dilute  nitrate  solution 
and  agitating  until  precipitation  was  complete.  The  hydroxides 
were  washed  by  decantation  until  they  became  colloidal  and  then 
dissolved  in  nitric  acid  preparatory  to  the  oxalate  precipitation. 
A  hot  dilute  solution  of  oxalic  acid  was  added  to  the  hot  nitrate 
solution  up  to  the  point  where  precipitation  began.  Upon  allow- 
ing the  solution  to  cool  a  crystalline  precipitate  was  obtained, 
which  was  easily  washed.  The  washed  oxalate  was  dried  and 
ignited  in  platinum  if  another  ammonia  precipitation  was  desired. 
The  oxalic  and  nitric  acids  here  used  were  especially  purified  as 
described  in  the  published  work.^'  The  oxide  supplied  for  the 
spectroscopic  examination  was  taken  from  the  best  fraction  of 
series  D. 

«>  J.  Am.  Chem.  Soc.  40.  p.  398;  1918. 
"  Loc.  cit. 
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3.  ERBIUM  ^2 

During  the  fractionation  of  the  main  bromate  series  of  the 
yttrium  group  several  of  the  individual  fractions  rich  in  erbium 
were  removed  from  time  to  time  and  made  up  into  series  F,  as 
described  by  Engle  and  Balke.^'  The  fractionation  of  series  F 
bromates  was  continued  by  these  workers  for  some  time,  the 
object  in  view  being  to  concentrate  erbium.  Finally  several 
fractions  were  obtained  composed  only  of  erbium  and  3rttriimi, 
The  erbium  content  was  approximately  20  per  cent.  The  frac- 
tionation of  the  bromates  was  then  discontinued  and  the  greater 
share  of  this  material  was  subjected  to  other  fractional  methods 
with  the  hope  of  obtaining  erbium  of  a  high  grade  of  purity. 
This  latter  work  was  undertaken  by  Wichers,  Hopkins,  and 
Balke.^*  The  basic  chloride  method  of  Drossbach  ^'^  was  reported 
to  give  strikingly  rapid  results.  Dr.  Wichers  applied  this  method 
to  erbiimi-yttrium  material  of  atomic  weight  104.  The  yttrium 
and  erbium  fractions  obtained  had  atomic  weights  of  95.9  and 
1 10.6,  respectively.  These  results,  although  good,  were  not  as 
striking  as  claimed  by  Drossbach.  The  cobalticyanide  method 
of  James  and  Willard  ^*  was  then  tried  on  an  erbium-yttrium 
mixture  of  atomic  weight  108.5.  Eleven  fractions  were  obtained, 
the  first  and  last  atomic  weights  being  123.0  and  89.2,  respectively. 

Fractional  precipitation  with  sodium  nitrite  has  been  used 
quite  successfully  by  Hopkins  and  Balke  "  for  the  purification 
of  yttrium.  Dr.  Wichers  applied  this  method  to  a  material  of 
atomic  weight  of  108.5.  Two  series  of  precipitations  were  made, 
the  erbium-rich  material  obtained  from  the  first  series  being  used 
in  the  second  series.  The  best  erbium  material  obtained  in  the 
second  series  of  precipitations  had  an  atomic  weight  of  142.9.  It 
was  apparent  that  none  of  the  above  methods  could  compare  in 
efficiency  to  the  nitrate  fusion  method. 

In  the  fractionation  of  the  bromates  of  an  erbium-yttrium 
mixture  several  fractions  rich  in  erbium  and  far  removed  from 
holmium  on  the  one  hand  and  thulium  on  the  other  had  been 
obtained.  A  series  of  32  nitrate  fusions  on  this  material  gave  the 
following  fractions,  with  approximate  atomic  weights  as  indicated: 

32  H        32  I        32  K       32  L       32  M       32  N       32  O        32  P 
166.31     166.17     164.68     163.75     154.63     119.90 

«»  Dr.  Edward  Wichers  assisted  in  the  preparation  of  erbium  materiaL 

as  J.  Am.  Chem.  See  39,  p.  53;  191 7. 

"  J.  Am.  Chem.  Soc.  40,  p.  1615;  1918. 

^  Zcit.  anorg.  Chora.,  76,  p.  174;  igu. 

"J.  Am.  Chem.  Soc,  38,  p.  1198;  and  1497;  i9i6- 

"  J.  Am.  Chem.  Soc.,  88,  p.  233a;  1916. 
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The  5  fractions  richest  in  erbium  were  used  by  Dr.  Wichers  in 
the  study  of  the  oxide-chloride  ratio  for  the  atomic  weight  of 
erbium.  A  portion  of  fractions  32  N  and  32  O,  the  best  erbium 
material  on  hand  at  this  time,  was  selected  and  purified  to  supply 
the  oxide  for  the  Bureau  of  Standards.  This  material  was  com- 
posed of  only  erbium  and  yttrium.  It  was  purified  in  essentially 
the  same  way  as  the  method  used  for  dysprosium;  that  is,  several 
alternate  precipitations  with  ammonia  and  oxalic  acid  and  final 
ignition  in  platinum. 

Washington  ,  March  31,1921. 
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